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A B S T R A C T   

The stability of AuCu, Au2Cu, AuCu2, Au2Cu2, and Au3Cu clusters on the CeO2(110) surface is related to the 
favourable interaction between theAu and Cu d-orbitals of the clusters with theO p-orbitals on the CeO2(110) 
surface. On the most stable AuCu/CeO2(110) systems, two surface Ce(IV)-ions are reduced to Ce(III)-ions 
however, the relatively lesser stable triatomic AuCu2 cluster can reduce up to three Ce(IV)-ions. The non- 
interacting Au-atoms in the Au2Cu/CeO2(110) and the Au3Cu/CeO2(110) systems are found to be negatively 
charged. We conclude that the number of reduced Ce-ions on the CeO2(110) surface can be tuned by altering the 
compositions of gold-copper clusters.   

1. Introduction 

CeO2 is widely used as a support material for various transition 
metals such as Au, Cu, Pt, Pd, Ni, Ir, Ru and Co to produce catalysts and 
these catalysts are widely used in many kinds of reactions, which include 
CO preferential oxidation, NOX reduction, hydrocarbon oxidation and in 
water gas shift reactions [1–10]. In recent years, however, there has 
been an increasing interest in using alloy nanoparticles in heterogenous 
catalysis. The reason being, the above mentioned catalysts may have low 
sintering resistance under reaction conditions [1]. In this regard, the use 
of gold-‑copper nanoparticles has been of particular interest. For 
example, in a recent study, Luo et al. used state-of-the-art environmental 
TEM and density functional theory (DFT) to understand the dynamics of 
AuCu nanoparticles on the CeO2 surface during CO oxidation [11]. In 
another interesting study by Zhang et al., the CO oxidation process was 
investigated at the interface of the AuCu bimetallic nanoclusters sup-
ported on CeO2 surfaces [12]. In this study, they employed a highly 
symmetrical hexagonal Au cluster with 10 atoms supported on the 
CeO2(111) surface to model various Au-X (X = Ag, Cu, Pd, Pt, Rh, and 
Ru) bimetallic nanoparticles and they found that the AuCu/CeO2(111) 
system was optimal for the CO oxidation via a bifunctional mechanism. 
In recent years, there have been also studies on synthesising AuCu 
nanosystems with various shapes such as spherical, pentacle, rod like 
and cubic shapes and of different compositions [13]. For example, 
Prunier et al. reported the synthesis and characterisation of cubic shaped 
nanoparticles with Au3Cu and AuCu3 compositions [13]. While all these 
experimental and theoretical studies have provided a great deal of 

information, there are still considerable uncertainties on the evolution 
of geometrical and electronic properties of the AuCu clusters on the 
CeO2 surfaces. Therefore, in this communication, using DFT  with 
Hubbard correction we report the geometrical and the electronic prop-
erties of AuCu clusters by systematically increasing the AuCu cluster size 
atom-by-atom on the CeO2(110) surface. 

2. Computational details 

The Vienna Ab Initio Simulation Package (VASP) was used to 
perform all the spin polarised DFT based quantum chemical calculations 
with Hubbard correction (DFT + U) using the method by Dudarev et al. 
[14–16]. The projector augmented wave (PAW) method was employed 
to model the interaction between the core and valence electrons with 6, 
12, 11, and 11 valence electrons for oxygen, cerium, copper, and gold 
atoms respectively [17]. The plane wave was expanded with a cut-off 
energy of 550 eV, which gave bulk energies converged to within 10− 5 

eV. For the structural optimisations a convergence criterion of 0.01 eV/ 
Å was chosen. The Perdew-Burke-Ernzerhof (PBE) version of the 
generalised gradient approximation (GGA) and a Monkhorst-Pack K- 
point grid of 2x2x1 was used to fully relax the geometries and perform 
the total energy calculations [18]. All the calculations were performed 
on the ideal 4 × 4 CeO2(110) surface with seven atomic layers, which 
was obtained from the bulk CeO2 with theoretical lattice constant of 
5.492 Å (Exp. 5.411 Å). To avoid any spurious slab-slab interaction a 
vacuum gap of ~15 Å was used in the direction perpendicular to the 
surface. Further to this, the gold‑copper clusters were allowed to adsorb 

E-mail address: achutia@lincoln.ac.uk.  

Contents lists available at ScienceDirect 

Catalysis Communications 

journal homepage: www.elsevier.com/locate/catcom 

https://doi.org/10.1016/j.catcom.2021.106376 
Received 2 November 2021; Received in revised form 2 December 2021; Accepted 3 December 2021   

mailto:achutia@lincoln.ac.uk
www.sciencedirect.com/science/journal/15667367
https://www.elsevier.com/locate/catcom
https://doi.org/10.1016/j.catcom.2021.106376
https://doi.org/10.1016/j.catcom.2021.106376
https://doi.org/10.1016/j.catcom.2021.106376
http://creativecommons.org/licenses/by-nc-nd/4.0/


Catalysis Communications 162 (2022) 106376

2

symmetrically on both sides of the exposed surfaces of the CeO2(110) 
surface to nullify any spurious dipole moments arising due to the 
adsorption of these clusters. In previous studies, it was reported that the 
localisation of the electrons in both the Ce 4f and in the Cu 3d orbitals 
are correctly represented by the Hubbard parameter (Ueff) of 5 eV, which 
we used in this study as well [8,19–21]. 

The adsorption energies (Ead) were calculated using: 

Ead = {Etotal − (ECeO2 + Ecluster) }

/2 (1)  

where, Etotal, ECeO2 and Ecluster are the total energies of the adsorbed 
gold‑copper clusters on the CeO2(110) surface, pristine CeO2(110) sur-
face and the gold‑copper clusters respectively. The factor, ½ in Eq. (1) 
was used to avoid double counting of the adsorption energies due to the 
symmetrical adsorption of the AuCu clusters on both the exposed 
surfaces. 

The visualisation for electronic and structural analysis (VESTA) 
package was used to visualise the spin densities and the charges were 
obtained using the Bader charge analysis as implemented by Henkelman 
and co-workers [22–25]. 

We also used the ORCA quantum chemical package to investigate the 
stabilities of some of the gold‑copper clusters by evaluating their bind-
ing energies per atom (Ebinding/atom) using, 

Ebinding/atom = [(m*EAu + n*ECu) − Ecluster ]/(m + n) (2)  

where, m and n are the number of Au and Cu atoms respectively and EAu, 
ECu and Ecluster are the energies of Au-atom, Cu-atom and the energy of 
the gold‑copper cluster under consideration [26–28]. All these calcu-
lations were performed using the PBE exchange and correlation func-
tional and LANL2TZ ECP basis sets [18]. For geometrical convergence, 
the tolerance for energy change, RMS gradient, max gradient, RMS step 
and maximum step were set to 5 × 10− 6 Ha, 10− 4 Ha/Bohr, 3 × 10− 3 

Ha/Bohr, 2 × 10− 3 Bohr, and 4 × 10− 3 Bohr respectively. 

3. Results and discussions 

3.1. Adsorption energies and construction of gold‑copper clusters on the 
CeO2(110) surface 

We begin by reporting the analysis on the calculated adsorption 
energies of the smallest AuCu diatomic clusters on the CeO2(110) sur-
face. Previous studies have shown that the adsorption of the Au, and the 
Cu adatoms are most stable on the long bridge site of the CeO2(110) 
surface [2,3]. Therefore, five different configurations of the diatomic 
Au–Cu cluster, with different orientations, on the long bridge site of the 
CeO2(110) surface were generated (See Fig. S1). The fully relaxed 
structures of all these configurations are shown in Fig. S2 and the cor-
responding adsorption energies are summarised in Table S1. The 
adsorption energies of the AuCu/CeO2(110) systems showed that the 
most stable structure, has an adsorption energy of − 2.995 eV. In this 
configuration, the Cu-atom was bonded to two surface O-ions of the 
CeO2(110) surface, and the Au-atom was bonded to two O-atoms, one of 
which is bonded to the Cu-atom. We note that the relaxed geometries of 
two configurations (i.e., configuration 1 and 2) seemed to be similar, 
however, a careful analysis of the fully relaxed geometries showed that 
even though in configuration 1 the Cu atom is bonded to two surface O- 
atoms unlike configuration 2, the Au atom is bonded to only one surface 
O-ion. Clearly, the nature of chemical bonding in these configurations 
has led to significantly different adsorption energies. Further to this, for 
the configurations, 1–3 we saw that close to the Au–Cu diatomic cluster 
there was local restructuring of the CeO2(110) surface i.e., one of the 
surface O-atoms close to the AuCu cluster rearranged itself to form a 
“linear-CuO2-like” structure with a Cu–O distance of 1.797 Å, which is 
close to the experimental Cu–O bond distance 1.849 Å in the bulk CuO2 
structure. Since, configuration 2 of the AuCu/CeO2(110) systems is the 

most stable structure, we used it to further generate the triatomic AuCu 
clusters on the CeO2(110) surface, which we discuss next. 

Using configuration 2 of the AuCu/CeO2(110) system, we generated 
two types of the triatomic clusters on the CeO2(110) surface. In the first 
type, we placed the third Au or the Cu atom above the Au–Cu bond 
perpendicular to the CeO2(110) surface and in the second type we put 
the third atom besides the Au–Cu bond parallel to the surface. This 
procedure allowed us to generate four models with Au2Cu and AuCu2 
compositions (See Fig. S3). The fully relaxed geometries of these clusters 
on the CeO2 are shown in Fig. S4 and in all these structures, other than 
configuration 2, the “linear-CuO2-like” surface restructuring was seen. 
The calculated adsorption energies of the triatomic clusters, as shown in 
Table S1, are in the range of − 3.083 eV to − 3.709 eV and configuration 
2 of the Au2Cu/CeO2(110) system was found to be the most stable 
structure and in this structure no surface restructuring was observed. 
Finally, we used this structure to construct the tetra-atomic gold‑copper 
clusters in which the fourth Au or Cu atom was placed on the either side 
of the Au2Cu cluster leading to the formation of two tetrahedral Au3Cu/ 
CeO2(110) systems or two Au2Cu2/CeO2(110) systems (see Fig. S5). 

The fully relaxed geometries of these models are presented in Fig. S6 
revealing the formation of a “butterfly-like-structure” for the Au3Cu/ 
CeO2(110) systems, which is also the most stable structure as seen from 
the adsorption energy values. We note that in earlier experimental re-
ports too, clusters of Au3Cu composition were reported [13]. To better 
understand the reason behind the “butterfly-like-structure” of the Au3Cu 
cluster on the CeO2(110) surface, we considered the tetrahedral and the 
planar structures of the Au3Cu cluster (Fig. S6 (e – f). The binding en-
ergies per atom (Ebinding/atom) for these structures showed that the planar 
Au3Cu structure (Ebinding/atom = 1.714 eV) is more stable than its tetra-
hedral geometry (Ebinding/atom = 0.917 eV). Further to this, we also 
performed a single point calculation on the Au3Cu cluster of the Au3Cu/ 
CeO2(110) system and we found the Ebinding/atom to be 1.414 eV 
revealing an intermediate stability between the planar and the tetra-
hedral Au3Cu structures. Therefore, we concluded that on the Au3Cu/ 
CeO2(1110 system, the Au3Cu cluster tries to adapt a planar structure 
however, due to its interaction with the CeO2(110) surface it adapted a 
“butterfly-like-structure”. On the other hand, in the Au2Cu2/CeO2(110) 
systems the Au2Cu2 cluster retains its tetrahedral structure. The 
adsorption energy values showed that both the Au3Cu/CeO2(110) sys-
tems have comparable stabilities, and they are more stable than the 
Au2Cu2/CeO2(110) systems (see Table S1). In the most stable AuCu/ 
CeO2(110), Au2Cu/CeO2(110) and Au3Cu/CeO2(110) systems, at least a 
pair of Au and Cu atoms are directly interacting with the surface oxygen 
ions. 

3.2. Chemical bonding and stability of the gold‑copper clusters 

From the adsorption energy values, we found that as the AuCu 
cluster size increases, their stability on the CeO2(110) surface also in-
creases i.e., the Au3Cu/CeO2(110) system is more stable than the 
Au2Cu/CeO2(110) system, which is more stable than the AuCu/ 
CeO2(110) system. To understand the reason behind this observation, 
we investigated the partial density of states (PDOS) of the interacting 
Au, Cu and O-ions of these systems (See Fig. 1). For the interpretation of 
the changes on the p-states of the surface O-ions we also investigated O 
p-states of the pristine CeO2(110) surface (Fig. S7). From our analysis of 
the p-states of the surface O-ions of the pristine CeO2(110) surface we 
found that they are localised approximately between − 0.5 eV to − 5 eV 
and the up and down spin signatures are symmetrical. However, in the 
presence of the AuCu clusters, these p-states change significantly to 
overlap with the Au and the Cu d-states to form chemical bonds. As 
shown in Fig. 1 (a), in comparison to the Au2Cu/CeO2(110) and Au3Cu/ 
CeO2(110) systems, this overlapping region is significantly smaller for 
the AuCu/CeO2(110) system. Therefore, we concluded that the chemical 
bonding between the AuCu cluster in the AuCu/CeO2(110) system is 
weak and hence it has the most positive adsorption energy. To further 
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quantify these findings, we calculated the area under the curve (sum-
marised in Table S2) for the d states of the interacting AuCu atoms and 
the p states of the surface O-ions, which revealed that the area of the d-p 
overlapping region for the AuCu/CeO2(110) system is significantly 
smaller indicating weaker chemical bonding. We also saw that the 
overlapping area for the Au3Cu/CeO2(110) system is larger than the 
Au2Cu/CeO2(110) system meaning the chemical bonding is stronger in 
the former system as compared to the latter, which agrees with the 
calculated trend of the adsorption energies. Finally, we note that the 
area of the overlapping regions for the up and down spins in the Au3Cu/ 
CeO2(110) and the Au2Cu/CeO2(110) systems are asymmetrical. This 

may be related to different charge states of the Cu and Au atoms, which 
induces overall asymmetry to the d and p states. 

3.3. Electron transfer between gold‑copper clusters and the CeO2(110) 
surface 

In the next step, we investigated the reduced surface Ce ions due to 
the adsorption of the AuCu clusters. The visualisation of the spin den-
sities, as shown in Fig. 2, of the most stable AuCu/CeO2(110), Au2Cu/ 
CeO2(110) and the Au3Cu/CeO2(110) systems demonstrated that in all 
these systems two surface Ce(IV) ions were reduced to Ce(III) ions. 
Additional, spin densities with d and p-orbital characteristics were also 
found to be localised around the interacting Au, Cu and surface O ions of 
the Au2Cu/CeO2(110) and the Au3Cu/CeO2(110) systems, which indi-
cated strong chemical bonding between the Au and the Cu atoms with 
the surface O-ions. This also agrees very well with our analyses on the 
PDOS showing large overlapping regions between O p and d states of the 
interacting Au and Cu atoms. To further quantify our observation on the 
reduced surface Ce-ions we calculated the Bader charges on the Ce-ions 
on which the spin densities are localised, and the results have been 
summarised in Table 1. Clearly, due to the interaction of the AuCu 
clusters with the CeO2(110) surface, two surface Ce-ions with the spin 
densities (see Fig. 2) became less positively charged as compared to the 
Ce-ions of the pristine CeO2(110) surface. For example, on the pristine 
surface, the charge on a Ce-ion is 2.301 e but on the systems with the 
AuCu clusters the charges on the reduced Ce-ions are in the range of 
2.065 e to 2.106 e, which clearly indicated the reduction of the Ce-ions. 
Further to this, the magnetic moments of these Ce(III) ions were in the 
range of 0.956 μB – 0.967 μB (see Table 1) further confirming their 
reduction. The analyses of the charges on the AuCu clusters illustrated 
that the Au and the Cu atoms directly interacting with the CeO2(110) 
surface are positively charged, meaning the above Ce-ions are reduced 
by the directly interacting Au and Cu. The Bader charges also revealed 
that the non-interacting Au-atoms in the Au2Cu/CeO2(110) and the 
Au3Cu/CeO2(110) systems are slightly negatively charged (see Table 1). 

Finally, since the adsorption energies for the AuCu2/CeO2(110) 
systems (Fig. 2 (c – d)) are also significantly low (See Table S1), for a 
comparative purpose we analysed the spin densities, Bader charges and 
magnetic moments of the reduced Ce-ions, which revealed the reduction 
of three Ce(IV) ions to Ce(III) ions (see Fig. S8 and Table 1). Clearly, by 
tuning the number of Au and Cu atoms in the AuCu clusters, the number 
of reduced Ce-ions on the CeO2(110) surface can be also tuned. 

4. Conclusions 

In this communication, we reported the local geometrical and elec-
tronic properties of gold‑copper clusters on the CeO2(110) surface. The 
adsorption energies were used as an indicator to determine their sta-
bility and to systematically generate bigger clusters of up to four atoms. 
Even though AuCu clusters of various compositions such as, AuCu, 
Au2Cu, AuCu2, Au2Cu2, and Au3Cu were considered, the adsorption 
energies revealed that among the triatomic and tetraatomic clusters, 
Au2Cu and Au3Cu clusters were most stable on the CeO2(110) surface. 
Further to this, the stability of these clusters on the CeO2(110) surface 
increased with their size. The analyses on the partial density of states 
and spin densities showed that it is related to strong chemical bonding 
arising due to the overlap of the d-orbitals of the interacting Au and Cu 
atoms of the clusters with the p-orbitals of the surface O-ions. Using 
Bader charges, spin densities and magnetic moments we concluded that 
these clusters reduced two surface Ce(IV) ions to Ce(III) ions. Bader 
charge analysis further revealed that the non-interacting Au-atoms in 
the Au2Cu/CeO2(110) and the Au3Cu/CeO2(110) systems are negatively 
charged. This study demonstrated that by tuning the number of Au and 
Cu atoms in the AuCu clusters, the number of reduced Ce-ions on the 
CeO2(110) surface can be also tuned, which we believe will attract 
further investigations on these systems for designing novel catalysts. 

Fig. 1. The partial density of states for the (a) configuration 2 of AuCu/ 
CeO2(110), (b) configuration 2 of Au2Cu/CeO2(110) and (c) configuration 1 of 
Au3Cu/CeO2(110) systems. The black line represents the combined d-states of 
the interacting Au and Cu atoms and the red line represents the p states of the 
surface oxygen atoms of the CeO2(110) surface directly interacting with the 
AuCu clusters. The Fermi energy is indicated by a dotted line at 0 eV. (For 
interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 
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[19] L. Szabová, I. Matolínová, S. Fabris, V. Camellone, Matteo Farnesi, Matolín, 
Applied surface science copper-ceria interaction : a combined photoemission and 
DFT study, Appl. Surf. Sci. 267 (2013) 12–16, https://doi.org/10.1016/j. 
apsusc.2012.04.098. 

[20] B.J. Morgan, D.O. Scanlon, G.W. Watson, The use of the “+U” correction in 
describing defect states at metal oxide surfaces: oxygen vacancies on CeO2 and 
TiO2, and Li-doping of MgO, E-J. Surf. Sci. Nanotechnol. 7 (2009) 389–394, 
https://doi.org/10.1380/ejssnt.2009.389. 

[21] H. Raebiger, S. Lany, A. Zunger, Origins of the p -type nature and cation deficiency 
in Cu 2 O and related materials, Phys. Rev. B 76 (2007), https://doi.org/10.1103/ 
PhysRevB.76.045209, 045209-1-045209–5. 

[22] K. Momma, F. Izumi, VESTA : a three-dimensional visualization system for 
electronic and structural analysis, J. Appl. Crystallogr. 41 (2008) 653–658, https:// 
doi.org/10.1107/S0021889808012016. 

Fig. 2. The top views of the spin densities (green lobes of 0.003 eÅ− 3 isosurface) of the (a) AuCu/CeO2(110) (configuration 2), (b) Au2Cu/CeO2(110) (configuration 
2), and (c) Au3Cu/CeO2(110) (configuration 1) systems. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version 
of this article.) 

Table 1 
Bader charges and magnetic moments of Ce(III) ions, interacting Cu-atoms and interacting and non-interacting Au-atoms of the AuCu/CeO2(110), the Au2Cu/ 
CeO2(110), the AuCu2/CeO2(110) and the Au3Cu/CeO2(110) systems.  

System Conf Bader charges (e) 

Ce (1st) Ce (2nd) Ce (3rd) Auint Cuint Cu3rd Aunon (1) Aunon (2) 

Pristine CeO2(110) – 2.301 – – – – – – – 
AuCu/CeO2(110) 2 2.106 (0.962 μB) 2.065 (0.966 μB) – 0.253 0.467 – – – 
Au2Cu/CeO2(110) 2 2.080 (0.960 μB) 2.090 (0.964 μB) – 0.116 0.748 – − 0.280 – 
AuCu2/CeO2(110) 1 2.093 (0.947 μB) 2.068 (0.953 μB) 2.115 (− 0.917 μB) 0.361 0.459 0.209 – – 
AuCu2/CeO2(110) 2 2.002 (0.925 μB) 2.100 (0.962 μB) 2.081(0.963 μB) 0.355 0.436 0.326 – – 
Au3Cu/CeO2(110) 1 2.084 (0.956 μB) 2.095 (0.967 μB) – 0.370 0.749 – − 0.321 − 0.304  
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