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ABSTRACT
CO2 adsorption and activation on a catalyst are key elementary steps for CO2 conversion to various valuable products. In the present com-
putational study, we screened different Cu–ZrO2 interface structures and analyzed the influence of the interface structure on CO2 binding
strength using density functional theory calculations. Our results demonstrate that a Cu nanorod favors one position on both tetragonal and
monoclinic ZrO2 surfaces, where the bottom Cu atoms are placed close to the lattice oxygens. In agreement with previous calculations, we
find that CO2 prefers a bent bidentate configuration at the Cu–ZrO2 interface and the molecule is clearly activated being negatively charged.
Straining of the Cu nanorod influences CO2 adsorption energy but does not change the preferred nanorod position on zirconia. Altogether,
our results highlight that CO2 adsorption and activation depend sensitively on the chemical composition and atomic structure of the inter-
face used in the calculations. This structure sensitivity may potentially impact further catalytic steps and the overall computed reactivity
profile.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0049293

I. INTRODUCTION

Chemical transformations of CO2 into fuels and platform
chemicals have been identified as a highly promising approach to
alleviate anthropogenic CO2, providing a waste-value approach to
upgrade CO2 into building block and value-added products for
chemical industry.1–3 Due to the highly oxidized state, thermody-
namic stability, and unreactive nature of CO2, economical, active,
and selective catalysts are mandatory and the chemical conversion
and the economical utilization of CO2 are notable scientific and
technical challenges.1

Numerous experimental and computational studies have
shown that CO2 reduction takes place at the metal–oxide inter-
face,4–10 which is also an active domain for many other industrially
important catalytic reactions,11 such as the water–gas shift reac-
tion12,13 and CO oxidation14,15 just to mention but a few. These reac-
tions have been reported to take place over a variety of metal–oxide
interfaces with diverse chemical nature and composition, e.g.,
Au–TiO2,15–17 Cu–ZnO,4,9 Rh–ZrO2,13,18 FeO–Pt,19 Pd–Co3O4,20,21

Pt–SiO2,22,23 and others.24 As the experimental characterization
of interface structures at the atomic level is demanding, density
functional theory (DFT) modeling is extensively used to obtain

microscopic information about chemical and structural properties
of interfaces4,13,15,17,25,26 and to establish structure–performance rela-
tionships.25 While the catalyst models used in DFT calculations must
be firmly based on real catalytic systems, simplifications are manda-
tory to reduce the computational burden. The key feature of a cat-
alyst to be captured by the model is an active site. Typically, the
employed models vary depending on the chemical composition and
nature of the active site. For metal-only active sites, periodic surface
slab models are commonly used,27–30 whereas active sites consist-
ing of the metal–oxide interface are often represented by oxide-
supported metal clusters8,31–34 or infinitely long nanorods.13,15,25,26

Among the possible chemical transformations, CO2 conver-
sion to methanol is particularly interesting due to the potential of
methanol as a future energy carrier.2,35 While Cu/ZnO/Al2O3 cat-
alysts are commonly used in industry to produce methanol from
CO and they have also successfully been applied to CO2 reduction
to methanol,2,5,36,37 ZrO2 supported or promoted Cu catalysts have
been identified as promising alternatives due to their higher selectiv-
ities and turn over frequencies toward methanol.5,6,38–40 Recent stud-
ies indicate that a reaction mechanism and selectivity are determined
by the adsorption energies of key reaction intermediates.5,8,26,31

Two central reaction steps, namely, H2 dissociation41,42 and CO2
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activation, are strongly associated with the Cu–ZrO2 interface.5,38,43

The reaction is inferred to be structure sensitive to Cu, and the syn-
ergy between Cu and support oxides is responsible for enhanced
reactivity.4,5,44–48 In calculations, however, adsorption characteris-
tics may sensitively depend on a constructed catalyst model, and
small differences between relatively similar active sites may intro-
duce large variations in adsorption energies as shown, e.g., for CO
adsorption on zirconia supported metal clusters.33 Computationally,
CO2 conversion to methanol has recently been studied employing
a Cu38 cluster model supported on a m-ZrO2(111) surface8 and a
Cu nanorod model, which is composed of three layers of stacked
Cu(100) facets on t-ZrO2(101).26 A similar nanorod model was also
used for a Au–MgO interface to address a water–gas shift reac-
tion.12 In another computational study, the catalytic properties of
various metal–MgO interfaces were considered using rods that also
consist of (100) terminated slices but cut in a different orienta-
tion to better match the symmetry of MgO(100).25 CO2 reduction
on SiO2 and TiO2 supported Pt was, in turn, investigated using a
Pt25 cluster, also composed of stacked (100) facets and exposing
(111) microfacets toward the interface.31 A differently shaped Rh
nanorod, terminated by (111) facets on each side, was employed
for a water–gas shift reaction on ZrO2,13 and a similar model was
used for Au–TiO2 to address CO oxidation15 and low temperature
H2 oxidation.49 As one would expect, the symmetry and periodic-
ity of the underlying support oxide naturally influence the interface
and must therefore be considered. For highly symmetric oxide sur-
faces, such as MgO(100), the orientation of a deposited nanorod
has a vanishingly small impact on the interface. For less symmet-
ric oxides, the position and orientation of the nanorod can sub-
stantially change the interface structure. For example, a monoclinic
ZrO2(111) surface displays a less symmetric crystal structure than
a tetragonal ZrO2(101) surface. One more feature that may affect
interface reactivity is strain effects,25 which together with defects
in catalytic metal particles have been suggested to have a signifi-
cant impact on catalytic efficiency.25,50,51 This is hardly surprising
as it is well established from the numerous studies that strain-
ing of metal surfaces changes their reactivity observed as shifts in
d-band centers.30,52 Artificial strain effects may emerge in the con-
struction of atomic models for metal–oxide interfaces because the
lattice mismatch between the metal and oxide will introduce strain
along the nanorod as it has to meet the periodicity set for the support
surface.

In this study, we focus on CO2 adsorption and activation on
various Cu–ZrO2 interface structures to shed light on the influence
of the interface properties on CO2 binding. Specifically, we consid-
ered two Cu nanorod models with different geometries and both
tetragonal [t-ZrO2(101)] and monoclinic [m-ZrO2(111)] zirconia
surfaces. A comprehensive screening of nanorod positions was per-
formed on oxide, and CO2 characteristics were analyzed for differ-
ently strained interfaces. The adsorption process was broken down
to distinct electronic contributions, and they were used to attempt to
establish general trends between the interface structure and its ability
to adsorb and activate CO2.

II. COMPUTATIONAL METHODS
All density functional theory (DFT) calculations were carried

out using the Bayesian error estimation functional with van der

Waals correlation (BEEF-vdW)53 in the projector-augmented wave
(PAW)54 formalism as implemented in the GPAW55 package. The
core electrons of all elements were described by PAW setups in
the frozen-core approximation. A maximum spacing of 0.18 Å was
used for the real-space grid basis, and the reciprocal space was sam-
pled at the Γ point. Periodic boundary conditions were used in two
directions. A Hubbard U correction56 of 2.0 eV was applied to the d-
orbitals of the zirconium atoms. The geometry optimizations were
performed using the BFGS algorithm as implemented in the Atomic
Simulation Environment (ASE).57 The computed electronic struc-
tures were analyzed by the Bader partitioning method58 using the
code written by Tang et al.59 to obtain the distribution of partial
charges on individual atoms. The search for transition states was
carried out using the climbing image nudged elastic band (NEB)60,61

method. The density of states (see Figs. S7 and S8, for example) was
analyzed to locate the d-band centers for the purpose of investigat-
ing their importance to the reactivity of the Cu nanorods according
to the d-band model.62

The interface models were built by placing a Cu nanorod over
the most stable facets of monoclinic and tetragonal zirconia sur-
faces, m-ZrO2(111) and t-ZrO2(101), as supports (see Fig. 1 for
an overview). We adopted two Cu nanorod models, similar to those
that have been used in previous publications,13,25,26 to be used in the
present study. Both models have an equal number of atoms, and they
display a (111) facet toward the reactive Cu–zirconia interface. The
nanorod structures differ by the facet via which they are attached
to the zirconia support. The bottom interface is either a (100) facet
or a (111) facet; hence, we will here call them the (100) and (111)
models, respectively. As shown in Fig. 1 and Fig. S1, the (100) model
has a more gently sloping reactive interface than the (111) model.
Under the reaction conditions of CO2 conversion to methanol, the
most commonly exposed Cu surfaces are (111) and (100) of which
(111) is slightly more stable.63

FIG. 1. The optimized minimum energy structures of a Cu nanorod on tetragonal or
monoclinic zirconia supports. (a) (100)/t-ZrO2, (b) (111)/t-ZrO2, (c) (100)/m-ZrO2,
and (d) (111)/m-ZrO2.
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A. Model system screening
Figure 1 illustrates the catalytic model systems for both

nanorod models and supports. Screening of the rod position was car-
ried out by displacing the nanorods in two directions on the support:
along and perpendicular to the nanorod, while keeping the orienta-
tion fixed. To scan the surface, we used a grid of 0.7 Å steps along the
nanorod axis and 1.1 or 1.5 Å steps perpendicular to the nanorod
for t-ZrO2 or m-ZrO2, respectively. The CO2 binding was studied
by attaching the molecule to one of the bottom-row Cu atoms at the
reactive interface.

The oxide support was described by a slab model, the thick-
ness of which was set to two stoichiometric layers. This approxima-
tion is necessary to reduce the computational burden, especially in
the larger cells (see below). We consider the two-layer model suf-
ficient to reveal general trends when comparing the nanorod mod-
els and justified since in preliminary evaluations with two to four
layers, the Cu–zirconia binding energy showed only minor varia-
tion. We also determined that the d-band centers of the interfacial
copper atoms varied insignificantly between different slab thick-
nesses. However, the CO2 adsorption energy depends on slab thick-
ness and test calculations showed that a thicker slab would enhance
the binding. In geometry optimizations, the bottom layer of the
zirconia slab was kept frozen at its initial bulk geometry, while the
top zirconia layer, the Cu nanorod, and the possible CO2 adsorbate
were allowed to relax until the maximum residual force was reduced
below 0.02 eV Å−1.

B. Strain of the nanorod
With the present DFT model, we obtain a bulk Cu lattice con-

stant of 3.69 Å, which leads to 2.61 Å nearest-neighbor Cu–Cu dis-
tance prior to modifications. Nanorods were created by repeating
periodic Cu8 minimum nanorod units having a length of one atom.
Our computationally determined zirconia lattice constants can be
found in Table S1. To explore possible implications of the artifi-
cial strain on the metal–oxide interface, we studied five different
nanorod lengths on tetragonal ZrO2 and three on monoclinic ZrO2
surfaces; see Table S2 and Fig. S2 for details on the computational
cells.

Because the calculations have to be periodic along the length of
the rod, the Cu–Cu distance modified in that direction was always
adjusted accordingly to meet the periodicity of the given surface unit
cell. We define the strain as positive when the nanorod is stretched
and negative when it is compressed relative to the computation-
ally optimized bulk Cu lattice constant. The nanorods illustrated in
Fig. 1 are those with the lowest strains, with the t-ZrO2 support pro-
ducing a −0.72% and m-ZrO2 a −1.02% strain. Overall, the strain
varies from −7.3% to +8.1% between the different surface models
investigated.

C. Energy decomposition
The energy decomposition was set to characterize differ-

ent contributions in the adsorption of CO2 at the catalytic sites.
First, the adsorption energy of CO2 was computed from the total
energies as

ΔEads = ECO2/Cu/ZrO2 − ECu/ZrO2 − ECO2 , (1)

where ECO2/Cu/ZrO2 stands for the full system, ECu/ZrO2 stands for the
bare ZrO2-supported Cu nanorod, and ECO2 stands for gas-phase
(linear, inactivated) CO2. The gas-phase reference was computed in
a large non-periodic cell. We will use the adsorption energy differ-
ence ΔΔEads to compare the different interface model systems. Then,
to exclude the contribution of atomic relaxations from the above
CO2–Cu/ZrO2 bond strength, we computed the total electronic
interaction energy as

ΔEtot
el = ECO2/Cu/ZrO2 − E∗Cu/ZrO2

− E∗CO2 . (2)

Here, asterisks stand for reference configurations, where all the
atomic positions were fixed to those optimized for the full system.
The adsorption and electronic interaction energies in Eqs. (1) and
(2) thus differ by an energy penalty required by the deformation
of the catalyst and the CO2 molecule upon adsorption. Again, for
comparison, we define ΔΔEtot

el to assess the difference between the
models.

The electronic interaction energies between the CO2 molecule
and the catalyst components Cu and ZrO2 were separated
according to

ΔECu
el = E∗CO2/Cu − E∗Cu − E∗CO2 , (3)

ΔEZr
el = E∗CO2/ZrO2

− E∗ZrO2 − E∗CO2 . (4)

Again, the atomic coordinates of CO2 and the isolated Cu nanorod
and ZrO2 were fixed to those optimized for the full system. Summing
Eqs. (3) and (4) together accounts for the pairwise contributions
to the three-body interaction in Eq. (2). Finally, to account for the
missing contribution to the total electronic interaction, we define an
excess energy

ΔEexc = ΔEtot
el − ΔECu

el − ΔEZr
el , (5)

which describes the change in electronic interaction energy due to
the synergy effect of the metal–oxide interface.

III. RESULTS AND DISCUSSION
A. Binding of the minimum-strain Cu nanorods
on ZrO2 supports

To evaluate how the structure and position of a nanorod on
a zirconia support influence the catalytic properties of the formed
interface, we carefully analyzed the binding of the two nanorods by
screening their positions on zirconia. The heat maps given in Fig. 2
show how the binding energy of a nanorod depends on its position
on the surface. Specifically, we plot the relative energies of both (100)
and (111) models with respect to their most stable structures on
both tetragonal [Figs. 2(a) and 2(b)] and monoclinic [Figs. 2(c) and
2(d)] supports. We find that the variation of the nanorod position
along its length has only a minor influence on the binding energy,
whereas moving the nanorod in the perpendicular direction across
the zirconia surface introduces substantial energy changes. On
t-ZrO2, the energy difference between the most stable and the least
stable nanorod position is 1.4 eV for the (100) model and 2.0 eV for
the (111) model. On m-ZrO2, the corresponding value is 2.2 eV for
both models.
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FIG. 2. Variation of the binding energy of a Cu nanorod across the studied zirconia surfaces: (a) (100)/t-ZrO2, (b) (111)/t-ZrO2, (c) (100)/m-ZrO2, and (d) (111)/m-ZrO2. The
nanorods are oriented along the y axis (vertical). The position range along the x axis covers the surface cell length, whereas the y-range is limited to the nearest-neighbor
Cu–Cu distance along the rod length.

We ascribe the large positional effect on the energy to the
strong interaction between the bottom Cu atoms and the surface O
anions. Figure 1 and Fig. S3 display the most energetically favorable
interface structures for the (100) and (111) models on both
tetragonal zirconia and monoclinic zirconia. Careful visual inspec-
tion of several interface structures indicates that the edge Cu atoms
are attracted to surface oxygens and they avoid the positions directly
above the Zr atoms. The interaction leads to the charge transfer of
≈0.4–0.5 electrons from the rod to zirconia according to the Bader
charge analysis. We anticipate that the positional effect, manifested
in energy corrugation, would decrease with increasing nanorod
width. The heat maps in Fig. 2 show that the favorable binding zone
for Cu nanorods on zirconia is very narrow. Thus, wider nanorods
would always spread out over unfavorable areas of zirconia as well,

which weakens the overall binding to the underlying support. The
fact that the relative energy increases steeply in heat maps when Cu
atoms move to Zr top sites may also have implications for bind-
ing characteristics of larger Cu nanoparticles on zirconia. Interface
structures where the Cu edge atoms reside on Zr top sites should
statistically appear less often as they are energetically costly, and
thus, nanoparticles would prefer to create interfaces similar to those
shown in Fig. 1 and Fig. S3. (For a top view of the binding interface,
see Fig. S4.)

A more detailed comparison of energies of the two mod-
els shows that the (111) model is more stable than the (100)
model. On t-ZrO2, the relative stability of the models differs by
0.11 eV/nanorod unit, while on m-ZrO2, the difference is as large
as 0.32 eV. In the gas-phase, the (111) model is 0.33 eV/nanorod
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unit more stable than the (100) model. However, as this energy dif-
ference decreases on the tetragonal zirconia surface, it implies that
the interaction with the support, particularly, stabilizes the (100)
Cu nanorod. We link the surface-specific stabilization effect to the
Cu–O distances, which are shorter on tetragonal zirconia than on
monoclinic zirconia; see Figs. S5(a) and S6. The relative stabili-
ties of (100) and (111) nanorods on zirconia surfaces are 0.37 and
0.24 eV/nanorod unit, respectively, and they further demonstrate the
ability of the tetragonal surface to better stabilize Cu than the mon-
oclinic surface. Even when considering the adsorption of a single Cu
atom, we see that adsorption is about 0.3 eV more exothermic on
tetragonal zirconia. These are in line with a previous experimental
study,39 which reports stronger Cu–ZrO2 interactions on tetragonal
zirconia than on monoclinic. The comparison between the adsorp-
tion energies of Cu rods normalized to the surface area and the
surface energies of relevant Cu and ZrO2 surfaces shows that on
monoclinic zirconia, the normalized adsorption energies are roughly
half of the surface energy of m-ZrO2(101) and ca. one third of the
surface energies of Cu surfaces; see Table S6. To gain more detailed
understanding of the energy variation seen in the heat map plots and
to link the binding energy to the microscopic structure, we plotted
the energy change with respect to the most stable (111)-ZrO2 struc-
ture vs the average minimum Cu–O distance between the bottom Cu
atoms and topmost surface anions for different nanorod positions
over both surfaces. Figures S5(a) and S6 clearly display that the (111)
model is more stable than the (100) model, and for both nanorod
models, the shorter distance corresponds to the more stable struc-
ture. Furthermore, the average distance of the entire Cu nanorod
(bottom) from zirconia is 2.5 Å on t-ZrO2 and 3.1 Å on m-ZrO2.
The shorter average C–O distances and shorter nanorod–oxide
distance can be explained with more exposed and symmetrically
located lattice oxygens on the tetragonal surface. The optimization of
bottom Cu atom positions with respect to surface oxygens is more

challenging on the monoclinic surface owing to the larger asymme-
try of the surface and the fact that the surface anions are located
deeper in the topmost surface layer. Additionally, we note that struc-
tural deformations in Cu nanorods originating from the interac-
tion with the zirconia support show no correlation with the relative
energy of the system, as can be seen in Fig. S5(b).

B. Strain effects on nanorod binding
A less optimal oxide surface cell size in calculations can intro-

duce artificial strain effects on the nanorod, and these, in turn, can
influence the computed adsorption characteristics. Therefore, we
analyzed strain effects more closely; for computational details, see
Table S2. First, the position of the differently strained nanorods
was screened over both zirconia surfaces. We find that the pre-
ferred nanorod positions are almost identical to those given in
Fig. 1 and Figs. S3 and S4 for the ideal interfaces, and thus, we
limit our study on the most stable nanorod positions. In particu-
lar, we aim to understand changes in nanorod binding energies due
to strain and elucidate the difference between the tetragonal and
monoclinic ZrO2 surfaces with special emphasis on the tetragonal
surface.

The last column in Table I shows that the total binding energy
(ΔEb) is more exothermic for the (100) model and the tetragonal
surface than for the (111) model and the monoclinic surface, but
it follows no obvious trend. To understand the origin of this vari-
ation better, the thermodynamic cycle (see Fig. 3) was devised to
analyze the different components. The cycle divides the Cu–ZrO2
binding energy into four contributions. The first three steps consti-
tute the changes in the gas-phase nanorod, and the last one mea-
sures the pure electronic interaction with zirconia. Step 1 describes
the change for the optimization of interatomic Cu–Cu distances,
whereas step 2 gives the energy change originating from strain

TABLE I. Nanorod binding energies (in eV) at each stage of the thermodynamic cycle shown in Fig. 3. ΔEb stands for binding
energy of a nanorod to the zirconia surface and step 5 in the thermodynamic cycle. To facilitate comparison, the energies are
divided by the number of rod units in the corresponding cell.

ZrO2 Nanorod Strain (%) Step 1 Step 2 Step 3 Step 4 ΔEb

t-ZrO2

(100)

−7.34 −0.034 +0.159 −0.363 −1.069 −1.306
−2.71 −0.034 +0.002 −0.005 −1.025 −1.061
−0.72 −0.034 +0.021 +0.007 −1.108 −1.113
+4.24 −0.034 +0.220 +0.014 −1.183 −0.983
+8.10 −0.034 +0.456 +0.055 −1.256 −0.779

(111)

−7.34 −0.012 +0.205 −0.199 −0.871 −0.877
−2.71 −0.012 +0.003 +0.035 −0.994 −0.968
−0.72 −0.012 +0.008 +0.102 −1.010 −0.912
+4.24 −0.012 +0.168 +0.045 −1.039 −0.838
+8.10 −0.012 +0.390 +0.120 −1.136 −0.638

m-ZrO2

(100) −1.02 −0.019 +0.008 +0.067 −0.787 −0.741

(111)
−4.02 −0.012 +0.035 +0.002 −0.714 −0.579
−1.02 −0.012 +0.001 +0.009 −0.743 −0.673
+5.57 −0.012 +0.225 +0.072 −0.898 −0.667
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FIG. 3. A thermodynamic cycle for the binding energy decomposition of a Cu
nanorod on ZrO2.

effects, and step 3 represents the energy change due to structure
deformation arising from the interaction between the nanorod and
zirconia. The remaining contribution, step 4, defines the pure elec-
tronic binding interaction between the deformed Cu nanorod and
zirconia.

The energy changes accompanying the thermodynamic steps
are collected in Table I. Overall, the contributions from steps 1–3
are small compared to step 4, which dominates. The slight energy
decrease seen in step 1 for all the models indicates that the Cu bulk
lattice constant is not optimal for the gas-phase nanorod. In fact, the
Cu–Cu distance decreases from the bulk value of 2.61 Å to 2.58 Å for
both nanorod models on m-ZrO22 and to 2.55 (2.57) Å for the (100)
model [(111) model] on t-ZrO22. Other minor variations in Cu–Cu
distances and energies in step 1 originate from the differences in the
computational cell shapes. As expected, increasing strain leads to a
positive (endothermic) energy change in step 2 as mainly also does
nanorod deformation in step 3. While irregularities introduced by
the support make it difficult to predict clear trends, the larger strain
is accompanied by stronger deformation and this is especially clear
for the two most strained (100) rods.

Cu nanorod binding energy on zirconia is dominated by elec-
tronic interaction (step 4), which is more exothermic for t-ZrO2
than for m-ZrO2 resulting most likely from the shorter Cu–O dis-
tance as also suggested for the minimum-strain interfaces. As illus-
trated in Fig. S9, the introduced strain correlates well with the elec-
tronic interaction energy, where the compression of the nanorod
decreases the electronic interaction between Cu and zirconia, while
the expansion of the nanorod enhances it. No clear correlation is
seen when attempting to link binding energies to strain. Multiple
factors may contribute to this, the main reason being the irreg-
ular structural deformations during structure optimization. The
d-band-center analysis supports the stronger interaction between
Cu and tetragonal zirconia as the shifts in the d-band center are
larger for tetragonal than for monoclinic surfaces. The net shift, see
Table S3, is to lower energies, and it is dominated by the “ligand”
effect introduced by the oxide, whereas the “strain” effect, including
deformation, constitutes minor contribution.

C. CO2 adsorption and activation

In order to estimate the significance of an interface site to CO2
adsorption and activation, we conducted a thorough screening of the
available sites for the structures explored in Sec. III A. In agreement
with previous calculations,8,26 we find that CO2 adsorbs preferably in
a bent configuration for the minimum-strain interface structures, as
shown in Figs. 4 and 5. Our results also demonstrate that adsorption
energies depend sensitively on the nanorod model and the interface
structure.

Figure 4 displays the minimum-strain Cu–t-ZrO2 interface for
which the most exothermic CO2 adsorption energies were com-
puted to be −1.01 and −0.52 eV for the (100) and (111) models,
respectively. CO2 adsorption to Cu–m-ZrO2 is an activated pro-
cess to Cu–m-ZrO2(111) with the activation energy of 0.38 eV with
respect to physisorbed CO2 computed with the NEB. The adsorp-
tion energies for other interfacial sites along these interfaces can
be found in Table S4. A previous DFT study26 reports as large as
−1.78 eV adsorption energy for CO2 with the (100) model. We
associate the large difference with two factors: first, a +0.41 eV
gas-phase correction was applied to CO2

26 and second, to the fact
that the employed interface model has substantial, 5.08%, strain,
which strongly impacts CO2 adsorption, as discussed below. Figure 5
illustrates the CO2 adsorption on the Cu–m-ZrO2 interface, where
the computed CO2 adsorption energies are −1.38 eV for the (100)
nanorod and −0.44 eV for the (111) nanorod. For a Cu38–m-
ZrO2(111) interface, the CO2 absorption energy is −1.86 eV8 being
substantially more exothermic than what we found in this work. This
time, the observed adsorption energy difference is attributed, on one
hand, to the different exchange and correlation functional and, on
the other hand, to the 38-atom cluster geometry. In another compu-
tational work, an adsorption energy of −0.69 eV was reported for a
slightly thinner (111)-type Cu nanorod on a stepped m-ZrO2(212)
surface,7 where CO2 is at the interface but binds only to the Cu
atoms.

The most stable CO2 adsorption geometries are structurally
similar for both zirconia surfaces and nanorod models. CO2 prefers
a bidendate geometry, i.e., it binds to Cu via the carbon atom and
has both oxygen atoms pointing down toward the support cations
with the O–C–O angle being close to 120○. A substantial deviation
from the linear gas-phase structure and a slight, 0.14 Å, elongation of
the C–O bonds clearly indicate CO2 activation. This is further sup-
ported by the Bader charge analysis, showing that the CO2 molecule
gains 1.2 ∣e∣ upon adsorption to the Cu–ZrO2 interfaces, as seen
in Table S7, which is in line with the previously reported value.8
The angle and charge of adsorbed CO2 are similar to those of gas-
phase formic acid for which the calculated O–C–O angle is 125○ and
the charge of the COO skeleton is −1.26 ∣e∣. After CO2 adsorption,
the nanorod is charged positively by around 1.3 ∣e∣ (see Table S7).
The anionic behavior of the CO2 molecule reflects reductive acti-
vation due to the metal contacts. Interaction between CO2 and the
interface introduces structural deformations to the Cu nanorods.
While in the case of the t-ZrO2 surface, the distortion of the Cu edge
is minor, on m-ZrO2, CO2 clearly pulls out one Cu atom from both
the nanorods; see Fig. 5.

Table II summarizes the energy contributions defined in
Eqs. (1)–(5) and displays the origin of the variation of CO2 adsorp-
tion energies from one minimum-strain interface to the other. We
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FIG. 4. Front and side views of the most stable CO2 adsorption geometry at the minimum-strain Cu–t-ZrO2 interfaces for the (100) model [(a) and (c)] and the (111) model
[(b) and (d)].

FIG. 5. Front and side views of the most stable CO2 adsorption geometry at the minimum-strain Cu–m-ZrO2 interfaces for the (100) model [(a) and (c)] and the (111) model
[(b) and (d)].
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TABLE II. CO2 adsorption energies (ΔEads) and electronic interaction energies (ΔEtot
el , ΔECu

el , ΔEZr
el , and ΔEexc), defined in

Eqs. (2)–(5) for different models and strain values. All the energy values are given in eV.

ZrO2 Nanorod Strain (%) ΔEads ΔEtot
el ΔECu

el ΔEZr
el ΔEexc

t-ZrO2

(100) −0.72 −1.01 −6.30 −2.49 −1.76 −2.05
+4.24 −1.17 −6.39 −2.86 −1.63 −1.89

(111)

−7.34 −1.91 −6.02 −2.34 −1.55 −2.13
−2.71 −0.51 −5.84 −2.38 −1.85 −1.60
−0.72 −0.52 −5.55 −2.58 −1.50 −1.47
+4.24 −0.71 −5.98 −2.49 −1.63 −1.87
+8.10 −1.33 −6.27 −2.17 −1.39 −2.71

m-ZrO2

(100) −1.02 −1.38 −6.06 −2.13 −1.63 −2.30

(111)
−4.02 −0.89 −5.79 −1.88 −1.72 −2.18
−1.02 −0.44 −5.57 −1.78 −1.62 −2.18
+5.57 −1.34 −5.81 −2.69 −1.70 −1.42

first focus on electronic interaction energies, which exclude all the
structural deformations. For example, the adsorption energy dif-
ference (ΔΔEads) between the (100) and (111) models is 0.49 eV
for the tetragonal surface, whereas the pure electronic, aka bind-
ing, interaction energy difference, ΔΔEtot

el , shows a larger, 0.75 eV,
value. Interestingly, for the monoclinic surface, ΔΔEads is larger than
ΔΔEtot

el (0.9 vs 0.5 eV). The opposite behavior is ascribed to non-
identical atomic relaxations for different CO2-interface systems. The
deformation energies vary heavily from one system to the other,
where the bending of the CO2 molecules is the dominant contri-
bution. However, the differences in deformation penalties between
rods of different structures are not consistent with the differences in
adsorption energies. In general, we attribute the observed adsorption
energy differences to different electronic interaction energies, which
are clearly more exothermic for the (100) model on both tetrago-
nal zirconia and monoclinic zirconia. The interaction energies from
the CO2–Cu and CO2–ZrO2 subsystems, which measure the binding
between CO2 and metal and CO2 and oxide, do not indicate that one
nanorod model or zirconia crystal structure is favored over the other.
The substantial synergy between Cu and zirconia is demonstrated
by the exothermic values of ΔEexc for all the studied system. This is
reflected by larger charge transfer to CO2 at the interface compared
to the individual CO2–Cu and CO2–ZrO2 subsystems, as can be seen
in Table S7

Next, a CO2 adsorption site at the (111)–ZrO2 interface is fur-
ther explored by moving the nanorod across the oxide surfaces.
Figure 6 displays the heat maps summarizing the energy variation
with respect to the most stable adsorption structure at the inter-
face. The plots show that for many nanorod positions, CO2 does
not either adsorb at all or adsorption is energetically very unfavor-
able. In order to interpret the heat map information, we analyzed the
calculated CO2 adsorption structures. For a favorable CO2 adsorp-
tion, it seems to be crucial to have lattice Zr cations sufficiently close
to the Cu edge to ensure that the oxygens of the CO2 molecule can
interact with them. The nanorod positions, where surface anions are

closer to the Cu edge than the Zr cations, lead to unfavorable CO2
adsorption due to repulsive interactions between the oxygen atoms
and anions. The central role of the zirconia support is further high-
lighted by the fact that, without the support, CO2 only physisorbs
maintaining a linear structure on a Cu(111) surface and on our (111)
and (100) nanorods. This agrees well with the previous DFT results,
which also demonstrate CO2 physisorption on Cu(111) and Cu(533)
surfaces.28,37

CO2 adsorption on the bare zirconia surface leads to carbon-
ate (CO3) formation with the lattice oxygen. We find this pro-
cess exothermic by −0.57 eV on t-ZrO2 and by −0.59 eV on
m-ZrO2. In the case of a (111) model, the carbonate formation is
thermodynamically slightly more favorable than CO2 adsorption at
the interface, which makes these two simultaneous reactions com-
peting. On the other hand, CO2 adsorption at the interface is clearly
preferred to carbonate formation for the (100) model. Previously
computed64 carbonate formation energy on the same monoclinic
zirconia surface is about −1.13 eV, which is substantially more
exothermic than the value reported here. We ascribe this energy dif-
ference to the different exchange and correlation functional and to
the thicker zirconia slab, not computationally feasible for the present
screening study. Note that under the reaction conditions, zirconia is
partially covered by OH groups, which are known to react with CO2
to create an extremely stable formate species.6,13,64,65

We close the discussion on CO2 adsorption and activation by
considering that at the strained metal–oxide interfaces. Similar to the
minimum-strained nanorods, CO2 is activated via electron transfer
and the molecule adopts a bent adsorption configuration. The biden-
tate binding is preferred, while monodentate geometries also appear
at slightly higher energies. CO2 adsorption energies and the elec-
tronic interaction energy components for the strained interfaces are
presented in Table II. While the data do not allow to make com-
prehensive conclusions for all the interfaces, we can say that for the
(111) model, the straining and compressing of the nanorod lead to
more exothermic electronic interaction energies. However, one has
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FIG. 6. Heat maps for CO2 adsorption upon varying the position of the (111) nanorod across the (a) t-ZrO2 and (b) m-ZrO2 surfaces. The nanorod lies parallel to the vertical
axis and is moved along the horizontal axis. The energy difference is given with respect to the most stable adsorption structure. The vertical axis numbers represent Cu
edge atoms to which CO2 was attempted to bind. Gray color corresponds to the nanorod positions, which do not bind or activate CO2.

to be careful with the nanorods exposed to larger (± > 7%) strain
as they experienced significant structural deformations during the
atomic structure optimization, which reduced the atomic coordi-
nation number of some Cu atoms, typically those interacting with
the C atom leading to enhanced CO2 adsorption. Therefore, these
systems are largely omitted from the detailed discussion. In general,
adsorption and total electronic interaction energies do not correlate.
This means that adsorption energy difference and total electronic
interaction energy difference, ΔΔEads and ΔΔEtot

el , differ for a con-
sidered system pair. Again, this can be attributed to diverse defor-
mations of the nanorod and the molecule, giving system-specific
positive deformation energies. In addition, we see for all the sys-
tems strong synergy between the metal and oxide, which is reflected
by exothermic values of ΔEexc and highlights the unique nature of
the interface. Table II also shows that interfaces built from the (100)
nanorod give more exothermic CO2 adsorption energies than its
(111) counterpart.

In order to understand the variation of CO2 adsorption energy
from one system to the other, we performed d-band-center analysis
separately to each step in the thermodynamic cycle. The forma-
tion of a metal–oxide interface has been considered as a two-step
process,25 including the “strain” and “ligand” contributions similar
to bimetallic systems.66 The “strain” effects include both changes
in Cu–Cu distances along the nanorod and structural deforma-
tion of the nanorod due to interaction with zirconia, whereas the
ligand effect describes the electronic interactions between Cu and
zirconia. The first three steps in the thermodynamic cycle con-
tribute to the shift of the d-band center due to strain effects Δϵstrain

d ,
while the shift of the d-band center for step 4 (Δϵligand

d ) measures
the change resulting from the ligand effect. The overall impact
of the support on the Cu nanorod is a clear shift of a d-band
center to lower energies for all the models; see Table S3 for explicit

numerical values. The ligand effects clearly dominate, and the
negative value of Δϵligand

d for all the interface models highlights
that binding interaction between Cu and zirconia shifts the
d-band center to lower energies. The contribution of the strain
effects to the shift of the d-band center is negligible, being positive
for some interfaces and negative for some others. Table S3 shows
that CO2 adsorption energies cannot be rationalized with the shift
of the d-band center as no correlation can be established between
the adsorption energy and the total shift in the d-band center. We
believe that the complex metal–oxide interaction effects at the inter-
face together with structural deformations, especially in the case
of the less stable (100) rod, make the d-band model insufficient to
explain CO2 adsorption energies.

Altogether, our DFT results highlight that CO2 adsorption and
activation depend sensitively on the atomic structure and composi-
tion, making only few site geometries favorable for CO2. Moreover,
care must be taken when building computational interface mod-
els as artificial strain enhances CO2 adsorption, and similar effects
might be present for reaction intermediates as well, let alone that the
possible strain effects may affect the activation barriers for elemen-
tary steps taking place at the interface. Structure sensitivity of CO2
adsorption suggests that not all the Cu–ZrO2 interfaces at real-world
catalytic systems are active toward CO2 chemistry. This is because
supported nanoparticles present various interface sites with differ-
ent compositions and atomic structures, and their direct structural
optimization is infeasible.

IV. CONCLUSIONS
We have investigated the properties of a Cu–ZrO2 interface and

its ability to adsorb and activate CO2 using density functional theory
calculations. Specifically, two Cu nanorod models were explored on
m-ZrO2(111) and t-ZrO2(101) surfaces. We observed that the (111)
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nanorod model is always more stable than the (100) one regardless of
whether it is supported by zirconia or not. Tetragonal ZrO2 stabilizes
both nanorod models more than monoclinic ZrO2, which is likely
due to the more exposed oxygen anions of the t-ZrO2(101) sur-
face. Our calculations demonstrate that the stability of the nanorod
depends sensitively on its local chemical environment on ZrO2 and
results from the fact that Cu atoms avoid the interaction with sur-
face cations and prefer to minimize a Cu-anion nearest-neighbor
distance. Compression along the nanorod enhances binding to zir-
conia, while tension of the nanorod weakens the interaction with the
studied oxide surfaces.

Our results demonstrate that the employed Cu–ZrO2 inter-
face model significantly impacts the adsorption characteristics of
the CO2 molecule. In general, the interfaces built using the (100)
nanorod adsorb CO2 more strongly compared to the interfaces cre-
ated with the (111) nanorods. The activation of CO2 is seen as
clearly negative Bader charge originating from the synergy between
Cu and ZrO2 and a bent adsorption configuration. Applying strain
to the nanorod enhances electronic interaction with CO2, which is
not always reflected in more exothermic adsorption energies due to
structural deformation effects. The excess interaction energy orig-
inating from the synergy between the metal and the support is
strongly exothermic for the all studied systems, highlighting the
importance of the metal–oxide interface. Furthermore, depending
on how the nanorod is positioned on ZrO2, CO2 might not adsorb
at the interface at all.

Overall, not only the chemical composition but also the diverse
structural features of an interface can impact the adsorption char-
acteristics of reacting molecules and, consequently, the computed
activity and selectivity profiles. Therefore, when building computa-
tional models for catalytic reactions taking place at the metal–oxide
interface, care should be taken in constructing interfaces and identi-
fying interfacial active sites.

SUPPLEMENTARY MATERIAL

See the supplementary material for details on the construction
and the structure of the atomic models, density of states plots, and
the d-band shifts for the thermodynamic cycle.
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