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Abstract

Ternary Cu/Zn/ZrO2 (CZZ) catalysts prepared recently using atomic layer depo-

sition (ALD) have shown increased performance towards methanol synthesis. In the

present computational study, we have investigated the structure, composition, and sta-

bility of various zinc and copper containing sub-nano size species on a zirconia support.

Density functional theory calculations with minima hopping was used to sample the

positioning and geometry of supported ZnxCuyOz structures up to 8 metal atoms in

total. ZnO monomeric species were found to be energetically more favourable than

small clusters, which could suggest a resistance to initial stage agglomeration. Ab-

initio thermodynamics revealed that under typical methanol synthesis conditions the

complete reduction of ZnO and mixed ZnO/Cu clusters is unfavourable. The investi-

gated ZnO monomers and clusters are able to provide CO2 activation sites, with the

Cu/ZnO/ZrO2 triple interface offering the best stabilization for the adsorbed CO2. All

in all the findings suggest that small ZnO species generated by ALD could be stabilized

by the zirconia component, while contact with copper species at the interface benefits

CO2 activation.

Introduction

Methanol synthesis from carbon dioxide and hydrogen is a promising approach to convert

anthropogenic greenhouse gas into valuable fuels and platform chemicals. Direct carbon

dioxide conversion to methanol (CTM) is an exothermic reaction

CO2(g) + 3H2(g) −−→ CH3OH(g) + H2O(g) (R1)

that requires active and selective catalysts in order to achieve high enough conversion at

relatively mild reaction conditions. Conventionally, methanol is produced from syngas using

a ternary Cu/ZnO/Al2O3 (CZA) catalyst. In general, copper based materials, such as the

commercial CZA catalyst, are the most well studied catalysts for methanol synthesis directly
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from CO2, as well as syngas. However, relatively low conversion and methanol selectivity

remain an issue for such catalysts.1–5 Further development of active, selective, and stable

CTM catalysts is required to improve the commercial process.

Ternary Cu/Zn/ZrO2 (CZZ) systems have shown great promise as active and selective

CTM catalysts. Using zirconia as an alternative support leads to increased performance,

especially methanol selectivity, as compared to the commercial CZA catalyst.2,6,7 The ternary

CZZ catalysts have been shown to achieve higher production rates, total conversion, and

selectivity in methanol synthesis than the binary Cu/ZnO and Cu/ZrO2 systems alone.7–9

One possible reason could be the formation of special active sites, such as those at the three

material interface, resulting in a synergistic effect.

However, the reaction mechanism, nature of the active site, and the roles that each

component plays in the binary and ternary systems are still under debate. This is mainly

due to the complexity of the systems, with many different synergies between the metal and

oxide components. Several candidate active sites have been brought forward, such as Cu

nanoparticles with ZnO overlayers,10–12 Cu-ZnO and Cu-ZrO2 interfacial sites,2,6,9,13–17 and

Cu-Zn surface alloys.3,15,18,19 In general, copper is proposed to be responsible for hydrogen

splitting activity, while the oxide components, especially the interfacial sites, are required

for activation of CO2 and stabilization of active surface intermediates.

The structure and performance of CZZ catalysts is sensitive to both the catalyst com-

position and the preparation method. Many different catalyst preparation methods have

been used previously, such as precipitation,7,9,20,21 colloidal crystal templating,9 sol-gel,22

flame-spray pyrolysis,23 and atomic layer deposition.8 The preparation method can affect

the total surface area of the catalyst, the dispersion and available surface area of the copper

phase, and the number of basic sites. However, the structure of the catalyst is a function

of the reaction conditions, and several studies have highlighted the importance of structural

changes, including formation of active sites, during exposure to reactant gases.15,23–26 For ex-

ample, even if the as prepared catalyst contains the CuZn alloy, it may no longer be present
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under reaction conditions due to interaction between the catalyst and the reacting gases.15,24

Even so, the preparation method used is important for the active state of the catalyst, as it

is a precursor for the in situ formed structure. Regardless of whether the most active site

for the reaction is the interface of Cu and ZnO, or a CuZn alloy, the preparation methods

should facilitate increased contact between Cu and Zn components. Controlled tuning of the

interaction between ZnO and ZrO2 could also be desirable, as the interface between the two

oxides has been suggested as an active site for CO2 adsorption and activation.9

Atomic layer deposition (ALD) as a synthesis technique enables precise control over the

surface structure of the catalyst.27,28 Recently, ALD has been demonstrated as a promising

preparation method for CZZ catalysts.8 The best performing ALD synthesised CZZ consists

of a ZrO2 support, with Cu nanoparticles or clusters and a low (≈ 0.15 ML) coverage of ZnO

monomers distributed on the surface. The best performance was achieved with the sample

where ZnO is deposited after copper rather than before. The results suggest that contact

between ZnO and copper, but without Cu covering the ZnO units, is important for the high

activity. However, the specific structure of the catalyst and the nature of the active site, es-

pecially during and after exposure to the reaction conditions, is unclear. Monomeric species

are known to be highly mobile and thermodynamically driven to agglomerate into larger

structures such as clusters or islands, and eventually nanoparticles.29–31 On the other hand,

dynamic evolution of highly dispersed ZnO clusters into monomeric Zn species on ZrO2 have

been recently observed with operando XAS of CZZ samples prepared with flame-spray py-

rolysis.23 The results suggest that zirconia can stabilize the monomeric Zn species through a

strong interaction (facilitated by the preparation method). The atomically dispersed catalyst

exhibited superior activity, which was rationalised by a mechanistic DFT study that found

the H2 dissociation to be more favourable at the atomic Zn sites as compared to Cu or Zr

sites. To rationalize the structure-performance relationship of ALD prepared CZZ catalysts,

it is essential to have information on the structure, relative stability, and interaction with

reactant species of the various surface motifs at different reaction conditions.
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Previous computational studies have mainly employed two-component models to eluci-

date the role of different structural motifs found in CZZ and CZA systems.3,4,9,13,15,16,18,19

The Zn containing models especially differ in where and how the Zn promoter is incorporated

into the catalyst. Zn decorated extended copper surface models have been extensively used

to mimic sites on alloyed nanoparticles.3,15,18,19 In some recent models, the Zn promoter is

present as an oxide e.g. as small supported clusters15,16,32,33 or as periodic nano stripes or

ribbons.18,32,34 Naturally, two component models cannot capture effects that could arise at

sites that form when all components are in close contact with one another. Three-component

models have emerged recently in order to represent those kinds of active sites.16,17,23 In our

previous study, we employed a zirconia supported Cu nanorod with and without Zn incorpo-

rated into the interface between the rod and support.17 The model served as a representative

of two and three component metal support interface sites, and was used to elucidate the role

of a dilute interfacial CuZn alloy. Our results showed that especially CO2 activation was

promoted by the Zn component.

Although ALD enables the controlled synthesis of monomeric ZnO promoter species on

the catalyst surface, it is unclear whether those small species can resist agglomeration un-

der reaction conditions. Furthermore, are the monomers located on the ZrO2 support, at

the metal-support interface, or do they decorate the Cu nanoparticle? The ALD Zn(acac)

precursor has thus far been demonstrated to react with the zirconia support, but no compa-

rable data exists for the copper component, which exists as an oxide prior to the reduction

treatment. In the present study, we have compared the stability of ZnO monomers at vari-

ous locations of the possible catalyst domains. Another debated aspect of the nature of Zn

promoter is whether it is oxidised12,15,24,25,35 or alloyed to Cu.3,36–38 Even though the ALD

prepared catalyst should contain ZnO units, it is possible that under the reducing methanol

synthesis conditions the ZnO would be reduced and form dilute surface alloys with Cu as

have been suggested previously.39–42

In our present work, we have investigated the stability and structure of sub-nanoscale
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Zn and Cu species on zirconia and copper-based supports by means of density functional

theory (DFT), minima hopping global optimization, and ab-initio thermodynamics. We

model as-prepared monomeric ALD CZZ structures, as well as possible structures that result

from initial stages agglomeration of the Zn monomers on the surface, surface migration,

nano-alloying of Cu and Zn, vacancies on the zirconia surface, and oxidation/reduction

under typical pretreatment/reaction conditions. Due to the large number of possible atomic

configurations, candidate structures were sampled by minima hopping with most stable

structures selected for further discussion. CO2 adsorption at various sites was investigated

to probe the capability of the monomers/clusters to activate CO2.

Our study sheds light on the ALD fabricated tertiary CZZ catalyst structure and proposes

that contact between ZnO, Cu and ZrO2 can promote methanol synthesis by the formation

of CO2 activation sites. We suggest that ALD is a suitable way to ensure that monomeric

ZnO species are initially present, and that they are in contact with the Cu/ZrO2 interface.

Computational Details

DFT calculations were performed using GPAW43 employing the BEEF-vdW exchange–

correlation functional.44 The wavefunctions were treated in the projector-augmented wave

(PAW)45 formalism. The frozen-core approximation was applied for the core electrons of all

elements. The global optimization of clusters was obtained via the minima-hopping (MH)

method.46 To enhance the computational efficiency and evaluate a large number of struc-

tures a double-ζ LCAO basis set was utilized in the MH calculations. Structures identified

as minimum-energy candidates through MH were further optimized using a real-space grid

basis with a maximum spacing of 0.2 Å and with spin-polarization. All calculations were

periodic in the horizontal directions along the surface. Brilloiuin zone was sampled at the Γ

point for the zirconia surface and Cu–ZrO2 interface models, while a 4× 4× 1 and 2× 2× 1

Monkhorst-Pack k-point sampling mesh was applied to the Cu(111) and CuO(111), respec-
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tively. Additionally, a Hubbard U correction47 of 2.0 eV was applied to the d-orbitals of the

zirconium atoms.17,48 The geometry optimisations were performed using the Fast Inertial Re-

laxation Engine (FIRE) algorithm as implemented in the Atomic Simulation Environment

(ASE).49,50 Atoms in the bottom layers of surface slabs were fixed to their bulk positions

(specific number of layers given below), while all other atoms were relaxed until the max-

imum residual force was reduced to less than 0.005 eV/Å. Partial charges on atoms were

analysed Using the Bader partitioning method51 using code developed by Tang et al.52

In this work, we employed a variety of zirconia supported single atom and cluster models.

The composition of the ZnxCuyOz clusters was varied to include pure Cu and Zn as well

as mixed metal clusters, reduced and oxidised clusters. The maximum total number of

metal atoms in a cluster was 6. The zirconia surface was modelled with a m–ZrO2(111))

surface slab that is two stoichiometric layers thick and built as a 2×2 supercell (32 Zr atoms,

see Fig. S1). During optimisations, the bottom layers of the ZrO2 slab was frozen in its

bulk geometry. The (111)) surface of monoclinic zirconia is highly asymmetric with four

identifiable Zr cation sites and a diverse selection of oxygen sites. A primitive repeating unit

of the m–ZrO2(111)) surface has 16 oxygens of which 5 are on the surface. Among these,

four are 3-coordinated and located between Zr atoms and the remaining one is 2-coordinated,

bridging two cations.

Additional calculations were performed for selected clusters adsorbed on a Cu(111) sur-

face, an oxidic CuO(111) surface, and a Cu-ZrO2 interface. The Cu(111) surface was modeled

as a periodic three-layer-thick slab, 10.5 × 13.6 Å in size. (see Fig. S1). The bottom layer

was fixed to bulk geometry during optimization. Cupric oxide (CuO) was identified as the

major Cu phase in the as-prepared ALD catalyst.8 The CuO(111) is the most stable surface

of CuO in all but the most reductive conditions.53 A three-layer-thick slab of CuO(111)

was therefore used to model the oxidized Cu surface. The periodic computational cell mea-

sures 12.0 × 12.8 Å in size. Again, the bottom layer was kept in its bulk geometry. The

initial CuO bulk structure was taken from the Crystallography Open Database54–57 and
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re-optimized computationally.

The stabilities of clusters were compared based on their formation energies. The for-

mation energy ∆Ef of each cluster containing x Cu atoms, y Zn atoms and z O atoms is

calculated according to Eq. 1 relative to the adsorbate–free m-ZrO2(111)) surface, gaseous

oxygen, and bulk metal. The formation energies of clusters on Cu(111) are calculated simi-

larly with the appropriate substitutions.

∆Ef (CuxZnyOz/ZrO2) = E(CuxZnyOz/ZrO2)

−
[
E(ZrO2) + xebulkCu + yebulkZn + z

1

2
E(O2)

] (1)

To circumvent the known inaccuracy of the DFT energy of a gas-phase oxygen molecule,58–60

EO2
was determined through the formation of water:

E(O2) = 2E(H2O) − 2E(H2) − 2∆H◦
f (H2O, T ) (2)

Using ∆H◦
f (H2O, 0 K) = 2.476 eV from the NIST-JANAF tables,61 Eq. 2 gives −32.997 eV

for total energy of O2 and the gas-phase error is εO2
= −0.83 eV. This matches well with

previously reported values of −0.83 eV and −0.81 eV for the BEEF-vdW functional.58,59

Alternatively, when the amount of Zn and O is equal, the formation energy can be defined

relative to bulk ZnO instead of bulk Zn and gas-phase O:

∆Ef (CuxZnyOz/ZrO2) = E(CuxZnyOz/ZrO2)

−
[
E(ZrO2) + xebulkCu + yebulkZn + z

1

2
E(O2)

] (3)

However, we use Eq. 1 unless otherwise specified. The cohesive energy, ∆Ecoh, of a cluster
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is defined relative to isolated Cu, Zn, and O atoms adsorbed on ZrO2.

∆Ecoh = [E(CuxZnyOz/ZrO2) + (N − 1)E(ZrO2)]

− [xE(Cu/ZrO2) + yE(Zn/ZrO2) + zE(O/ZrO2)]

(4)

N is the total number of atoms in a cluster. Equivalently, the cohesive energy can be

calculated from formation energies:

∆Ecoh = ∆Ef (CuxZnyOz/ZrO2)

− [x∆Ef (Cu/ZrO2) + y∆Ef (Zn/ZrO2) + z∆Ef (O/ZrO2)]

(5)

If a cluster has an equal number of Zn and O (y = z) atoms, cohesive energy can also be

defined relative to adsorbed ZnO monomers on ZrO2.

∆Ecoh,ZnO = ∆Ef (CuxZnyOz/ZrO2) − [x∆Ef (Cu/ZrO2) + y∆Ef (ZnO/ZrO2)] (6)

When assessing cluster agglomeration, it is also useful to calculate the energy relative to two

existing clusters. For this, we can define a type of agglomeration energy using the formation

energies of the clusters:

∆Eagg = ∆Ef (AB) − (∆Ef (A) + ∆Ef (B)) (7)

where A and B refer to the constituent clusters of the agglomerate AB. The adhesion energy,

∆Eadh, of a cluster is calculated relative to the cluster in the gas phase.

∆Eadh = E(CuxZnyOz/ZrO2) − [E(ZrO2) + E∗(CuxZnyOz)] (8)

where E∗(CuxZnyOz) is the energy of the cluster, without the support but fixed in its

adsorption geometry. The quantities above are defined equivalently on the Cu(111) surface
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and the Cu/ZrO2 interface.

Atomistic thermodynamics

DFT data was used as the starting point for the ab-initio thermodynamic treatment of the

oxidation and reduction of small Cu/Zn clusters. The most thermodynamically stable oxygen

content of each cluster is found by calculating the Gibbs energy of the oxidation reaction

∆Gr(T, p) for each z oxygen-containing cluster relative to the fully reduced cluster:

CuxZny + z
1

2
O2 −−→ CuxZnyOz (R2)

∆Gr(T, p) = E(CuxZnyOz/ZrO2) − [E(CuxZny/ZrO2) + zµO(T, p)] (9)

This examination is equivalent to the one in ref. 33 as well as energies of O adsorption used

in ref. 62 but calculated per cluster as opposed to surface area. Vibrational energy contribu-

tions of surface-bound clusters to the free energies were assumed to be minimal. Therefore,

DFT energies were used for the clusters instead of Gibbs free energies. Temperature and

pressure effects were included in the chemical potential, µO(T, p), of oxygen. The contribu-

tion of temperature to the standard chemical potential of O2 ∆µ◦(T ) was calculated using

experimental values for H−H◦(Tr) and S◦ taken from the NIST JANAF thermochemical

tables.61

∆µ◦(T ) = ∆H◦ + T∆S◦

= [H◦(T ) −H◦(Tr)] − [H◦(0 K) −H◦(Tr)] − T × [S◦(T ) − S◦(0 K)]

(10)

We define the change in chemical potential relative to 0 K)

∆µ(T, p) = ∆µ◦(T ) + kBT log
p

p◦
(11)
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And thus the chemical potential of a gaseous oxygen is:

µO(T, p) =
1

2
E(O2) + ∆µO(T, p) (12)

where O2 energy includes the correction according to Eq. 2. To estimate the chemical po-

tential of oxygen under the highly reductive conditions typically used for CO2 conversion,

we applied the balance of molecular hydrogen and water gas: ∆µ◦
O = ∆µ◦

H2O
− ∆µ◦

H2

Results and Discussion

We focus on small sub-nanometer clusters, each comprising up to 8 Zn and Cu atoms sup-

ported on m–ZrO2 (0–4 Zn, 0–4 Cu, including mixtures of the two). Selected clusters under-

went further examination on Cu(111) and CuO(111) surfaces as well as a Cu-ZrO2 interface.

Beyond metal-only clusters, we generated and optimized clusters with varying amounts of

oxygen. Consequently, the smallest systems consisted of single Cu or Zn atoms, while the

largest cluster was Cu4Zn4O4.

ZrO2 supported CuxZnyOz clusters

In the ALD prepared CZZ systems, the Cu and ZnO components are added to the zirconia

support by incipient wetness impregnation (IWI) and ALD, respectively.8 In the case of

the best performing sample, the ALD step is performed last, which should ensure that

some of the ZnO units are initially present on the ZrO2 support and not covered by Cu. All

minimum-energy structures optimized on monoclinic zirconia are presented in the supporting

information Fig. S2 for CuxOz and ZnyOz clusters, and S3 for mixed CuxZnyOz clusters.

ZnyOz clusters

Recent studies8,18 that have used ALD for catalyst preparation have suggested that Zn exists

approximately as atomically dispersed species on the surface of the as-prepared catalyst.
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Depending on their mobility and relative stability on the surface, the monomers could migrate

and eventually react together to form sub-nanometer clusters. Given the varying reaction

conditions the catalyst experiences during synthesis, pre-treatment, and operation, ranging

from highly oxidizing to very reductive, we considered both metallic Zny clusters as well as

oxidized ZnyOz clusters. We consider the ZnO monomer as the reference system, rather than

separate Zn and O units, as it is the assumed form of the as-prepared ALD Zn units.

In the most stable configuration, the ZnO monomer binds to a 2-coordinated oxygen

site on the ZrO2 surface through the formation of a Zn–O bond. The oxygen atom of

the monomer binds to a Zr top site. Adsorption at the low-coordinated O site is 1.5 eV

stronger than the best geometry found for binding to a 3-coordinated oxygen, and the ZnO

monomers relax to the 2-coordinated site almost independent of the starting geometry. This

points to the maximum coverage of 2.24 ZnO monomers per nm2, which is comparable of 1.9

Zn/nm2 determined experimentally for ALD-prepared Zn/ZrO2.
8 The formation energy of

the most stable ZnO monomer is endothermic (+0.74 eV) relative to ZnO bulk. The adhesion

energy is −4.40 eV, and the cohesion energy relative to Zn and O ad-atoms is −1.51 eV. The

same coordination site and similar binding strength has been previously found for sintering-

resistant RuO monomers on monoclinic ZrO2.
63 In general, sub-nanometer ZnyOz clusters

tend to attach to the ZrO2 support by bonding to the surface oxygens through the Zn atoms,

particularly those with lower coordination. Additional oxygen atoms introduced as part of

the clusters create extra contact points by bridging surface Zr cations and the Zn atoms

within the cluster. In cases where possible, Znδ+ centers form planar, trigonal ZnO3 moieties

with surface and cluster oxygens. The geometric arrangement is also observed in the Zn2O

cluster, where one Zn atom is part of the trigonal shape rather than an oxygen. This type of

trigonal motifs have also previously been identified in Cu(111)-supported ZnyOz clusters.33

However, many nearly linear O–Zn–O moieties are also identifiable, as exemplified by Zn2O2.

It is noteworthy, that oxygen atoms act as bridges between Zn centers, although Znδ+ can

also directly form bonds with one another, as seen in Zn2O and Zn3O2. Stoichiometric 1:1
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Zn:O clusters are the most stable and all show Ef = −1.35 per atom whereas removing or

adding oxygen makes the clusters progressively less stable. In some over-oxidized clusters

two oxygens can form O–O bonds, resembling an adsorbed O2 molecule. For an example,

see Zn3O4 in Fig. S2. When the cluster size increases, the cohesive energies of stoichiometric

(ZnO)n clusters are close to 0 eV with respect to ZnO monomers on zirconia (see Table S1).

Therefore no clear thermodynamic driving force is present for the formation of oxidized ZnO

sub-nano clusters (see Fig. 2). There exists, however, still the tendency towards bulk ZnO

formation, as can be seen by the positive formation energies in Table S1.

The possibility of Zn monomer species to exist as reduced metal ad-atoms, e.g. due to

highly reducing conditions, was also considered. The single Zn ad-atom is most stable on a Zr

cation top site where it settles above the surface at a Zr–Zn distance of ≈ 3.5 Å. The variation

in energy between all Zr sites available is less than 0.1 eV. Metallic 2–4 atom Zn clusters

have structures where Zn atoms are similarly located on Zr top sites. These Zny clusters

display longer Zn–Zn distances than bulk Zn, decreasing the distance with increasing cluster

size. Fig. 1 shows that Zn3 and Zn4 take trigonal shapes with the latter being in a pyramidal

form, although a planar rhombic Zn4 is only 0.1 eV less stable. These geometries are similar

as those previously reported for small Rh clusters on m–ZrO2,
29 with the exception that Rh2

shows no significant Rh–Rh bond elongation compared to bulk Rh. Notably, the formation

energies of the most stable Zn ad-atom and metallic clusters are endothermic by 0.6 eV per

cluster atom (see Table S1) which is very close to that of the ZnO units described above

but significantly less endothermic than the +2.1 eV value we calculated for a Cu atom. The

formation energies of metal ad-atoms are typically strongly endothermic.29,31 Here we find

that while there is ultimately a thermodynamic driving force for large Zn particle growth,

the initial stages of agglomeration are nearly thermoneutral (Fig. 1).

Despite zirconia’s tendency to resist reduction, several studies have shown evidence for

the formation of oxygen vacancies on its surface either near metal–zirconia interfaces or

single metal sites.48,64–66 The oxygen vacancies formed have been found to enhance adsor-
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Figure 1: Stepwise energy differences of building a cluster from adsorbed atoms at infinite
separation during the initial stages of Cux and Zny agglomeration. Brown: Cu, purple: Zn.

Figure 2: Stepwise energy differences of building a cluster from adsorbed atoms at infinite
separation during the initial stages of CuxOz and ZnyOz agglomeration. Brown: Cu, purple:
Zn, red: O.
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bate binding67,68 to ZrO2 and suggested as the cause for increased activity towards CO2

conversion.64 They are also known to act as anchor sites that can stabilize single-atoms on

catalyst surfaces.29,69 We therefore addressed how the ZnO promoter binds to ZrO2 surface

vacancies. Previous computational studies have found that the vacancy formation energy

is the least endothermic for the 2-coordinated oxygen on the m–ZrO2(111)) surface.63,68,70

Therefore, we chose it as the model vacancy site for CuxZnyOz binding. As can be seen

from the relative energies in Table S4, oxygen vacancies on the ZrO2 surface bind all clusters

stronger than the pristine zirconia surface, often by several eV, and can thus act as anchors.

Furthermore, oxygen-containing clusters are stabilized more than reduced clusters. Notably,

non-oxidized Zn and Zn2 show the smallest differences, only being stabilized by ≈ 0.5 eV. A

ZnO monomer that is captured by an oxygen vacancy can spontaneously donate its oxygen

to fill in the vacancy, breaking the Zn–O bond in the process (see Fig. S5). Other oxygen-

containing clusters, as well as the CuO monomer, donate an oxygen to fill the vacancy but

are not dissociated in the process. In these cases, then, the binding geometries are effectively

the same as the binding of a cluster with one less oxygen on pristine ZrO2.

Mixed clusters

Although copper tends to form larger nanoparticles on the zirconia surface, the formation

of mixed clusters with Zn cannot be ruled out, as the thermodynamic feasibility of mix-

ing Cu and Zn is evident based on the computed formation energy of BCC-packed CuZn

(α-brass) being −0.16 eV per CuZn unit. Experiments also demonstrate the possibility

of Cu-Zn (nano)alloys formation when the conditions become reductive.24,39–42 Although

multiple studies point to ZnO being the more stable state under the high-pressure reac-

tion conditions,24,26,71 other works have attributed a high activity for CO2 conversion to

alloyed/metallic Zn sites on the catalyst surface.3,42,72,73 Our investigation delves into the

interaction between ZnO sub-nano structures, present in the as-prepared catalyst, and Cu

particles. The aim is to understand whether stable Cu and Zn mixtures could form un-
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der reaction conditions. This scheme describes the thermodynamic feasibility of a process

where small copper species detach from large Cu nanoparticles to react with ZnO species not

initially in contact with the copper component of the catalyst. Ultimately, such a process

would also depend on kinetics of Cu particle disintegration (e.g. via the Ostwald ripening

process31) and migration of Cu species, which is beyond the scope of the present study. The

stability of reduced and oxidized CuxOz clusters was also determined as they could exist as

transient species during the agglomeration process, and besides serve as reference systems

for the stability of the mixed clusters.

A single Cu ad-atom binds to the 2-coordinated oxygen site of the zirconia surface. Small

Cux clusters are similarly attached to the surface via Cu–O bonds and take flat or linear

shapes, which maximize oxygen contact (see Fig. 1). As expected, the growth of Cu particles

is thermodynamically favourable. Generally, mixed CuxZny clusters take similar shapes and

placements as Cux clusters of the same size do and are geometrically flat, maximizing contact

with the support. Similarly, oxidized mixed clusters bear a large resemblance to CuxOz and

ZnxOz structures. All clusters exhibit a tendency to bind to low-coordinated oxygen sites

in both their reduced and oxidized forms. The structures are generally more stable when

a maximal number of their oxygens are in contact with the zirconia surface. However,

when multiple oxygens are present in the cluster, this effect is restricted by internal forces

within the cluster and thus some oxygen stays out of contact with the support. Internally,

Zn–Zn bonds are uncommon in mixed clusters and the zincs are typically separated by

Cu and O atoms in the lowest-energy configurations. The structures of mixed clusters

on ZrO2 can be seen in Fig. S3. Figure 3 shows the initial stages of the agglomeration

of non-oxidized mixed clusters. At each step, the agglomeration is energetically favourable.

However, after the initial combination of Cu and Zn, the agglomeration energies of additional

Zn atoms become clearly less negative, mirroring the case of Zny clusters. In situations

where an individual Zn ad-atom can combine with a Zny or Cux cluster, the formation of

a mixed cluster is thermodynamically favoured over the formation of a pure Zn cluster (see
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Fig S6). Furthermore, while ZnO monomers do not show a clear tendency to create ZnyOy

agglomerates, the formation energies of mixed metal clusters (Table S1) show that mixing

with copper could provide an alternative route for initial stage agglomeration. However,

to verify this would require further computational and experimental investigations into the

mechanism and kinetics of Cu particle disintegration/agglomeration.

Figure 3: Stepwise agglomeration of mixed, non-oxidized CuxZny clusters from Cu, Zn,
and CuZn units adsorbed on ZrO2. The numbers are agglomeration energies (Eq. 7) in eV
associated with introducing a Cu (up), Zn (down) or CuZn unit (horizontal) from infinite
separation into the cluster. Brown: Cu, purple: Zn.

Clusters on Cu surfaces

During catalyst preparation and CO2 hydrogenation, small Zn or ZnO deposits may also form

on larger Cu nanoparticles—either due to the chosen preparation method, such as ALD.8,18

Although a reaction between the Zn(acac) and copper has not been explicitly demonstrated,

in principle some of the ZnO units could be deposited on the copper particles as well as

the ZrO2 support, when the ALD step is performed after IWI. Alternatively, strong metal–

support interaction between Cu and ZnO has been suggested to result in the migration of

the ZnO component to form an overlayer on top of the Cu component.26,74,75 However, a
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previous study has asserted that Zn may need to be in its reduced form for substantial

migration of Zn on top of Cu particles to occur.74 Interfaces between ZnO islands and Cu

particles are proposed as active sites for CO2 adsorption and activation in a Cu/ZnO(/Al2O3)

system.2,15,18,35,76 Consequently, Cu–ZnO interaction can also contribute to the activity in

ternary CZZ systems. To explore this further, several CuxOz and ZnyOz clusters (see Table

S2 and Fig. S4) were optimized on a Cu(111) surface, representing a scenario where they

are positioned on top of larger metallic Cu particles.

The geometries of the optimized ZnyOz clusters on Cu(111) are presented in Fig. S4.

Metallic Zn clusters are more stable on the Cu surface than they are on zirconia. However,

both their formation and cohesive energies approach effectively zero, showcasing a behaviour

opposite that on the zirconia surface, where the formation of ZrO2-bound Zn atoms is en-

dothermic. The average Zn–Zn distance in unoxidized clusters is 2.7 Å and comparable to

that of bulk Zn as well as the Cu–Cu distance of the underlying surface agreeing well with the

previously reported value.33 Moreover, the study reported only marginal energy differences

between reduced Zny clusters of various shapes. These results suggest that the energy benefit

of forming a Zny cluster structure is relative small. The ZnO monomer and ZnyOz clusters

show similar structural motifs as were seen on a zirconia surface. These motifs are the same

as were identified in a recent study33 and the structures found here are very similar. Binding

to the Cu surface happens through both Cu–O and Cu–Zn bonds. Calculating the difference

in the formation energies, ∆Ef given in Table S2, for each cluster on ZrO2 and Cu(111)

allows us to determine whether adsorption is more favorable on a metal or oxide surface.

The formation energies of ZnyOz species on a Cu(111) surface are 0.5 to 0.9 eV less negative

compared to equivalent clusters on zirconia. Therefore, there is a thermodynamic tendency

for oxidic Zn to migrate onto the zirconia support if it is formed on the Cu surface during

catalyst preparation. Conversely, the migration of ZnO units from the zirconia surface to

the Cu is thermodynamically unlikely. Non-oxidized Zny particles are generally more stable

on Cu(111) by ≈ 0.6 eV per Zn.
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Cupric oxide has been identified as the primary oxidized Cu phase in as-prepared catalysts

produced using ALD prior to reductive pre-treatment.8 Hence it is pertinent to examine the

binding of ZnO on CuO(111). Two zinc-oxygen clusters, ZnO and Zn2O2, were considered as

representatives of the highly dispersed small ZnO species that have been suggested to exist

in the as-prepared catalyst after ALD.8,18 The ZnO monomer favors a horizontal geometry

with Zn binding to a surface oxygen and O to a Cu top site. The ZnO formation energy is

≈ +1.6 eV on CuO(111) being only slightly higher than on Cu(111) but significantly more

endothermic than on ZrO2. This indicates that ZnO monomers are thermodynamically more

stable on the ZrO2 support than Cu particles, regardless of Cu oxidation state. The ∆Eagg

of two ZnO monomers combining on CuO(111) is exothermic by −1.08 eV, showing that

agglomeration is similarly favourable as it is on Cu(111).

Figure 4: Blue arrows represent the energy differences of building a Zn2O2 cluster from two
infinitely separated ZnO units on each support. Orange arrows depict diffusion of the cluster
to different sites on the surface of a CZZ catalyst. The orange energy values are relative to
the cluster on zirconia. Brown: Cu, purple: Zn, red: O. Lighter colored atoms are part of
the support.
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Clusters at interface

The interfaces forming between Cu particles and the supporting ZrO2 play a crucial role in

multi-component systems, potentially displaying unique activity. Numerous computational

studies have underscored the importance of the Cu–ZrO2 interface as an active site for

CO2 activation and hydrogenation.13,17,77,78 Consequently, it is reasonable to investigate the

behaviour of ZnO promoters in this context. We calculated the stability of the ZnO and

Zn2O2 units at the Cu–ZrO2 interface, using a supported nanorod model from our previous

studies.17,78 Fig. 4 displays the most favourable ZnO and Zn2O2 binding structures at the

Cu-ZrO2 interface showing that Zn interacts with Cu rod and O binds to the Zr cation.

The relative energies in Fig. 4 demonstrate that the ZnO unit is 0.54 eV more stable at the

interface than on the ZrO2 surface and 1.20 eV more stable than on the Cu(111). While

ZnO agglomeration is thermoneutral on ZrO2, it is unfavorable at the interface, as indicated

by the endothermic agglomeration energy of +0.18 eV for Zn2O2 formation from two ZnO

units.

In summary, binding of ZnO monomers is stabilized by the Cu–ZrO2 interface, leading

to a thermodynamic tendency for them to migrate from Cu and ZrO2 surfaces and into

interfacial areas. While the Cu(111) surface is the least stable support for ZnyOz species to

bind to, it is the most favorable location for their agglomeration. Conversely, initial ZnO

agglomeration is thermoneutral on zirconia and slightly endotermic at the Cu–ZrO2 interface.

It should be noted that this thermodynamic examination can not take into account the

possible kinetic barriers of cluster diffusion on Cu and ZrO2 surfaces or across a metal–oxide

interface. Methods such as mean-field or Monte Carlo microkinetic modeling79 and ab initio

molecular dynamics (MD) simulations80 could be used to gain further understanding of the

rate of agglomeration/sintering.

20

https://doi.org/10.26434/chemrxiv-2024-h3frr ORCID: https://orcid.org/0000-0002-3166-1077 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2024-h3frr
https://orcid.org/0000-0002-3166-1077
https://creativecommons.org/licenses/by-nc-nd/4.0/


Cluster composition under reaction conditions

The extent of reductive or oxidative conditions varies widely between catalyst preparation

steps and the operation conditions for CO2 conversion to methanol. During synthesis, the

catalyst undergoes an oxidative pretreatment, such as heating under synthetic air (80 %

oxygen).8 On the other hand, the CTM reaction is carried out under high pressures rang-

ing from 10 to 50 bar in a mixture of typically 1:3 CO2 and H2.
2 Despite extensive re-

search efforts, the precise oxidation state of Zn under reaction conditions remains a source

of debate.2,3,12,15,24,26,36,40,72,73,81–84 As has been noted before,24,26,40 the disparate results can

largely be explained by the diverse conditions and the pressure gap between catalyst prepara-

tion, ex situ characterization studies, and the reaction conditions. To address this ambiguity,

we employ atomistic thermodynamics to assess the stability of both reduced and oxidized

clusters at conditions relevant to catalyst pre-treatment and CO2 conversion to methanol.

As the phase diagrams presented in Figures 5 and S7 illustrate, small Zn clusters ad-

sorbed on zirconia exhibit greater stability in their oxidized forms—even under the highly

reductive reaction conditions of CO2 hydrogenation to methanol. As the initial agglomera-

tion of ZnO on ZrO2 is practically thermoneutral, the promoter may be present in a wide

variety of sizes ranging from ZnO monomers to larger clusters. However, the stoichiometric

1:1 composition (ZnyOy) proves to be the thermodynamically most stable form among all

the ZnyOz clusters considered, both in the reductive atmosphere used in CTM as well as

conditions corresponding to the oxidative pretreatment that is a part of catalyst prepara-

tion. We note that the Gibbs energies of oxidation are often very close to one another (eg.

Fig. 5 a)). Therefore, while the most stable compositions at each oxygen chemical potential

are highlighted, in reality many states may exist as an ensemble. The activation barriers of

oxygen gas adsorption or the Zn + H2O ↔ ZnO + H2 process were not studied here but may

bring further nuance to the situation as the reduction or oxidation of certain clusters could

be kinetically limited. As Figure 5 b) shows, the Gibbs free energy of formation becomes

increasingly more negative for larger cluster sizes at oxidizing conditions. The differences in
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∆Gf become smaller as the temperature increases. A similar trend with respect to temper-

ature has been previously observed for ZnyOz clusters on Cu(111).33 However, we find that

at the methanol synthesis reaction conditions the difference between monomers and larger

clusters is non-existent or even reversed. This indicates that monomers may be more able to

resist agglomeration during the reaction as opposed to during the oxidizing pre-treatment.

For all conditions, the formation free energy change is monotonic.

The oxidation characteristics of Cu small clusters are more diverse. Under oxidative con-

ditions, Cu clusters again display the highest stability in a stoichiometric composition (see

SI Fig. S8). However, in a reductive atmosphere, a single Cu atom adsorbed on zirconia is

more likely to exist as an ad-atom with no additional oxygen. For Cu2 and Cu3 clusters, the

thermodynamics favor partial oxidation. However, the oxidation energies of different cluster

compositions can be very similar. In particular, Cu3Oz clusters are all no more than 0.3 eV

apart in the range of typical reaction conditions. The partial oxidation of small Cux units is

preferred, in contrast to the stoichiometric oxidation of ZnyOy. This is consistent with bulk

oxide formation energies: CuO formation energy is −1.48 eV and for ZnO it is −3.47 eV

relative to bulk metal and gas-phase oxygen. This, together with the considerable agglomer-

ation and cohesive energies of Cuz clusters, is consistent with experimental results that have

generally identified large Cu deposits with a significant amount of reduced Cu.8,85–87 The

redox properties of mixed CuxZnyOz clusters primarily resemble those of small Zn clusters

in that completely metallic clusters are thermodynamically unfavored (see Fig. S9). How-

ever, the oxygen content per metal atom varies. The ab-initio thermodynamics indicate that

metallic alloy clusters are not stable under reaction conditions, although there is a possibility

of forming mixed oxidized clusters.

CO2 adsorption and activation

Methanol synthesis requires the activation of the inert CO2 molecule on the catalyst surface.

Activation may take place through adsorption and bending of the molecule, followed by dis-
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Figure 5: a) Phase diagrams showing the relative stabilities of Zn1Oz species with differ-
ent oxygen content (from Eq. 9) as a function of oxygen chemical potential. Colored lines
corresponding to each cluster show their energies relative to the fully reduced cluster and
gas-phase O2. The background is colored according to the lowest-energy state for ease of
identification. Oxygen chemical potential relevant to pre-tretment and CTM reaction con-
ditions are indicated with vertical lines and regions with diagonal hatching, respectively. b)
Formation energies at several oxygen chemical potentials in the regions of the reaction and
oxidative pretreatment conditions. The values of ∆Gf are calculated according to Eq. 1 by
substituting µO for 1

2
E(O2). The numbers inside the graphs indicate the number of oxygen

atoms in the most stable structures.

sociation or hydrogenation. The bent adsorption configuration could be e.g. a CO2
δ− on a

metal surface, or a carbonate-like CO 2–
3 on a metal oxide, which both require charge transfer

from the catalyst to the molecule. The computed formate pathways on metal surfaces often

imply that CO2 activation occurs through direct reaction between linear CO2 and a dissoci-

ated hydrogen species on the surface.3,4,15,87 In previous studies,13,17,77,78 it has been found

that the Cu/ZrO2 interface is capable of adsorbing and activating CO2, enabling the surface

reaction between adsorbed bent CO2 species and hydrogen to produce a carboxyl (COOH)

instead of formate. In line with the previous studies,3,4,17,77,88 we find that a (111) facet

of Cu weakly physisorbs CO2 in a linear, non-activated configuration, with an adsorption

energy of −0.21 eV. On ZrO2, CO2 adsorbs in a trigonal, carbonate-like geometry, wherein

the carbon atom coordinates to a ZrO2 lattice oxygen and the oxygens of the adsorbate rest

on Zrδ+ sites. The most favourable adsorption site is the 2-coordinated lattice oxygen, where

Eads = −0.62 eV. However, one fifth of surface oxygens are 2-coordinated and the adsorp-

tion energies to other sites are only mildly exothermic varying from −0.09 eV to −0.16 eV.
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When adsorbed, the CO2 takes a small negative charge of −0.20e, which is in the same

order as has been determined before.13 Previous computational studies using diverse models

for Cu-ZrO2 interfaces13,17,77,78 indicate that CO2 adsorbs at a Cu-ZrO2 interface in a bent

geometry. In our previous study, we found that CO2 attaches to the Cu component through

the carbon atom with both oxygens binding to the nearest Zr cations.17 The adsorption

energy is −0.63 eV, which is comparable to that at the most stable adsorption site on ZrO2.

Our earlier work demonstrated that incorporating Zn into the Cu matrix at the interface can

strengthen CO2adsorption by up to 0.66 eV compared to the Cu-only interface.17 Here, we

investigate CO2 adsorption on ZnO monomers on ZrO2, Cu(111), and the Cu-ZrO2 interface

to further quantify the promoting effect of ZnO.

Fig. 6 illustrates CO2 adsorption geometries and energies at potential active sites on

a Cu/ZnO/ZrO2 catalyst, particularly when ZnO is deposited with ALD. In the preferred

binding configuration on the zirconia supported ZnO, CO2 forms bonds between its carbon

atom and the oxygen of the ZnO monomer, and between its oxygen atoms and Zr surface

cations. The adsorption energy of -0.69 eV is only slightly more negative than the most

stable adsorption geometry on promoter-free ZrO2. In contrast to a bare Cu(111) surface,

CO2 bound to the oxygen atom of a ZnO unit on Cu(111) is clearly activated and stable

featuring an adsorption energy of −0.42 eV. The activation is evident from the carbonate-

like structure which is similar to that observed on zirconia. CO2 bound to ZnO has a

slight negative charge of −0.20e—the same as the charge of a CO2 molecule adsorbed on

ZrO2 in a carbonate geometry (see SI Table S5 for atomic charges). The dispersion of

ZnyOz units on Cu particles can increase the number of sites where activated CO2 interacts

with the Cu catalyst. This could facilitate the reaction between the adsorbed CO2 and

the dissociated hydrogen that is produced on Cu particles. Previous computational studies

have similarly explored CO2 adsorption to ZnO clusters on copper surfaces. For example,

one study modeled the ZnO/Cu interface using a hydrogen-terminated Zn6O7H7 cluster

model.15 In this case, CO2 adsorption and activation was achieved at the edge of the cluster
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with the molecule binding to the Cu surface through its carbon and to the cluster through its

oxygen. However, the binding energy was found to be endothermic by +0.47 eV, making it

unfavourable. The disparity in CO2 adsorption energy between this model and ours is likely

explained by their inclusion of the H termination, which reduces the reactivity of the cluster

towards CO2 activation. Another study using a graphitic-like ZnO layer model supported

on a Cu(111) surface suggested that the adsorption CO2 to ZnO edges was facilitated by the

presence of oxygen vacancies in the zinc oxide.18 At the vacancy site, CO2 binds to the ZnO

layer through both a carbon and an oxygen atoms with an adsorption energy of −0.56 eV.

However, we find that stoichiometric ZnO monomers also act as efficient adsorption sites.

While the Cu–ZrO2 interface is already capable of activating CO2, ZnO units that have

migrated to the interface can also serve as sites for CO2 adsorption and activation. In the

most stable structure, the molecule again binds to the oxygen of the ZnO unit, forming

the familiar carbonate-like structure and taking a negative charge of −0.29e. The oxygens

originally belonging to the molecule reside on the zirconia surface, mirroring their positioning

during adsorption to the interface without ZnO. The corresponding adsorption energy of

−1.60 eV indicates significantly stronger adsorption compared to adsorption at the simple

Cu–ZrO2 interface (−0.63 eV) and somewhat stronger than adsorption at mixed CuZn–

ZrO2 interfaces (−1.1 eV to −1.3 eV).17 It is also markedly stronger than CO2 adsorption

to zirconia alone. The atomic charges in the ZnO-bound CO2 are similar on Cu and ZrO2

surfaces and the interface. Therefore, the enhanced binding is not simply explained by charge

transfer. Instead, it may be due to the conformational flexibility of the ZnO monomer at the

interface, which allows a bidentate binding geometry and a lower geometric strain for the

formed CO3 moiety. Nevertheless, this demonstrates that dispersed Zn can have a substantial

impact on CO2 binding at Cu/ZrO2 interfaces, regardless of its oxidation state. In a recent

computational study,16 the ZnO/Cu and ZrO2/Cu interfaces were modeled using a Zn1Zr2O3

cluster model deposited on Cu(111). This model effectively activated and bound CO2, with

the molecule coordinated to the Zr center of the cluster through an oxygen. The adsorption
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energy of −1.07 eV falls within the same range as the aforementioned CuZn–ZrO2 interfaces.

However, the authors report significantly weaker binding (Eads = −0.17 eV) on the ZnO/Cu

side of the cluster.

After the successful adsorption of CO2, the reaction can continue through a formate

(HCOO) intermediate or via the reverse water-gas shift pathway (COOH intermediate) and

eventually into methanol. A recent computational study89 examining the binding of CO and

CO2 at a Cu/MgO interface determined the binding free energy of CO2 to be −0.36 eV. It

was suggested that at this stage, the adsorption may be strong enough to lead to catalyst

poisoning and thus reduced conversion activity. While the free energies of the adsorbed

molecules were not determined here, the strongly exothermic CO2 binding to ZnO monomers

as well as the known stability of HCOO on zirconia13,17,77 may pose similar challenges if the

barriers for further hydrogenation steps are high. In the past, the intermediates networks

along both pathways have been studied on zirconia, Cu/CuZn surfaces, and metal–oxide

interfaces.3,4,13,15,17,77 From these results, one can conclude that certain sites are more optimal

for the binding of different reaction intermediates, as some (such as COOH) adsorb more

strongly to the Cu–ZrO2 interface, while others (such as HCOO) bind on the ZrO2 alone.

While the binding of further intermediates and the elementary reactions between them were

not a part of this study, the ZnyOz species described here may also act as favourable active

sites for later hydrogenation steps.

Conclusions

Our results show that monomeric ZnO units are resistant to initial stages agglomeration on

the zirconia surface, as there is no significant thermodynamic driving force to form small

clusters. Instead, alloying ZnO with copper single-atoms is a thermodynamically feasible

pathway for particle growth, which could result in mixed metal particles of varying degrees

of oxidation. Ab initio thermodynamic analysis shows that even under the reducing methanol
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Figure 6: CO2 adsorption energies on different supports and Zn-promoter sites: a) ZrO2, b)
Cu–ZrO2 interface, c) CuZn–ZrO2 interface (Zn-poor), d) ZnO/ZrO2, e) ZnO/Cu(111), f)
ZnO/Cu–ZrO2.

synthesis conditions the ZnO and mixed ZnO/Cu clusters are not completely reduced. For-

mation free energies imply that ZnO monomers could be more resistant to agglomeration

at the reaction conditions as opposed to oxidizing pre-treatment conditions. Furthermore,

ZnO migration to the copper-zirconia interface is thermodynamically favourable, whereas

migration to the extended Cu nanoparticle (111) facets is not preferred. However, ZnO clus-

tering is more feasible on the copper surface. If ZnO species present on Cu are large enough

(beyond the sizes explored in the present work), they may be able to resist migration to

the interface and the support. Our results do not therefore rule out the presence of larger

structures, such as ZnO islands, on the copper particles especially for larger ZnO loadings.

Small ZnO clusters are able to adsorb and activate CO2 on ZrO2, Cu(111) and the

Cu–ZrO2 interface. CO2 binding is strongest at the Cu–ZrO2 interface where dispersed

ZnO promoter units are also thermodynamically most stable and resistant to forming larger

ZnO structures. The Cu-ZnO-ZrO2 interface offers stronger adsorption than the promoter-

free Cu-ZrO2 or nanoalloyed CuZn-ZrO2 interfaces. ZnO dispersed on the surface of a Cu

particle may also offer sites where CO2 can be activated upon adsorption, as opposed to the

physisorption typical of Cu surfaces. Our results offer an atomic-level look at the behaviour
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of the hypothesized highly dispersed ZnO on a zirconia support and the origin of their

promoting effect.
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