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Abstract

We report a detailed density functional theory (DFT) study in conjunction with extended X-ray
absorption fine structure (EXAFS) experiments on the geometrical and local electronic properties of Cu
adatoms and Cu(ll) ions in presence of water molecules and of CuO nanoclusters on the CeO2(110)
surface. Our study of (CuO)n(=1,284) Clusters on CeO2(110) shows that based on the Cu-O environment,
the geometrical properties of these clusters may vary and their presence may lead to relatively high
localization of charge on the exposed surfaces. We find that in presence of an optimum concentration
of water molecules, Cu has a square pyramidal geometry, which agrees well with our experimental
findings; we also find that Cu(ll) facilitates water adsorption on the CeO2(110) surface. We further show
that at a critical concentration of water molecules is required for the hydrolysis of water on
Cu(OH)./Ce02(110) and on pristine CeO(110) surfaces.

Keywords: DFT, EXAFS, electronic properties, CeO2(110) surface, Cu adatom, Cu(ll) ion, CuO

nanoclusters.
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1. Introduction

Cu/CeO> based catalysts have attracted great interest for heterogeneous catalysis because of their
high catalytic activities for several processes, including NOx reduction and both CO and hydrocarbon
oxidation.! Similarly, CuO/CeO. mixed-oxide catalysts have been shown to have high activity and
selectivity for CO oxidation in hydrogen-rich mixtures for CO clean-up in proton-exchange membrane
fuel cells.2 Despite several previous studies, there is, however, considerable uncertainty about the
nature of Cu surface species in the catalytic material, which we aim to clarify in this paper by using a
joint computational/experimental approach.

A crucial feature of the chemistry of CeO; is the variable valence of Ce, reduction of which from
Ce(IV) to Ce(lll) normally results in oxygen loss, but which can be effected by electron transfer from
surface metal atoms.3 The quantum chemical description of the strongly correlated electrons in the -
orbitals of Ce atoms, which become occupied when the Ce cations change their formal oxidation state
from +4 to +3 is of primary importance, especially for understanding the fundamental properties and for
their practical applications. In previous theoretical studies, density functional theory (DFT) with
incorporation of Hubbard (U) and exchange energy (J) parameters, generally known as DFT+U, has
been widely used.*® For example, Branda et al. reported the interaction of Cu, Ag and Au with the
Ce02(111) surface.b In this work they concluded that the theoretical description using the DFT+U
method is adequate to describe the interaction of Cu, Ag and Au on the CeO2(111) surface. They used
U = 5 for LDA+U and U = 3 and 5 for GGA+U calculations. They also argued that compared to
Au/Ce02(111), the interaction of Cu and Ag atoms on the CeO2(111) surface is less sensitive to the
DFT method used and the way the surface model is constructed. In their work they used the plane
wave periodic techniques available in the VASP (Vienna Ab inito Simulation Package) code and
performed a comparative study of LDA+U and GGA+U. In a related study on Au/CeO2(111), they used
the hybrid HSEQ6 functional, in addition to LDA+U and GGA+U and found that the final description of
the physical and chemical properties of these systems strongly depended on the choice of initial
geometry.” Szabova et al. reported a detailed study on the thermodynamic, electronic and structural
properties of Cu/CeO; surfaces and interfaces using the PBE+U method.® They used Cu atoms on
stoichiometric and reduced CeO: (111) surfaces and extended this study to Cu(111) on the CeO2(111)
surface to investigate the interfacial interactions. They concluded that the Cu adatom adopted the
hollow site as the most stable site. They also investigated the electronic properties of the Cu(111)/CeO>
interface and predicted substantial charge transfer in the interfacial region, which could be related to
the high catalytic activity of these systems. Cui et al. also reported the adsorption properties of

transition metals, M, (M = Cu, Ag, Au) on the CeO2(110) surface.® They clearly showed charge transfer
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between the transition metals and the CeO2(110) surface resulting in Ce3* and M cations being
formed.® In a related work Tang et al. reported that structural distortion plays a significant role in
understanding the local electronic properties due to the interaction of Cu, Ag, Au on CeO2(111)
surface.'® Additional studies of the electronic properties of precious metal adsorption on CeO2(111)
surface include the work of Hernandez et al. who showed that Au atoms in Au/CeO2(111) can adopt
several oxidation states, depending on the site of their adsorption.!" We should also note that in
addition to the studies related to the adsorption and electronic properties of metal adatoms on CeO,
surfaces, there are several studies on ceria bulk and surface properties, which provide insight into how
intrinsic defects and doping in CeO2 influences the electronic properties of bulk Ce0,.'213 Kehoe et al.,
for example, reported doping of ceria by metal ions and they reported that the dopant reduces the
formation energy for oxygen vacancy formation energy, and the dopant tries to adopt a coordination
environment close to that in its own native oxide.'® There have also been a number of studies exploring
the reaction mechanisms of industrially important reactions such as carbon dioxide activation and
dissociation on CeO2(110) surface and the water-gas-shift reaction on Au/CeO(111).1415 Many
important chemical processes on surfaces, however, involve interaction with water molecules. In this
regard, there has also been a number of interesting studies on the interaction of water molecules with
CeO; surfaces.'8-'¢ Fronzi et al. for example, studied the structural features of adsorbed water on the
stoichiometric and reduced CeO2(111) surface and predicted that a water molecule does not dissociate
on the clean surface, but that it is thermodynamically favourable on the surface with O-vacancies.®
Han et al. also concluded that water molecules show molecular adsorption on the clean CeO2(111)

surface and dissociative adsorption on CeO2(111) in the presence of single transition metal atoms.'?

Published on 23 August 2017. Downloaded by University College London on 23/08/2017 10:47:13.

Despite this wide range of theoretical work on the surface chemistry of Ce0,,20 considerable
uncertainties remain regarding the key aspects of the interaction of catalytically important metals such
as Cu on CeO: surfaces concerning their charge state, coordination and interaction with surface water.
In this work we have employed Density Functional Theory (DFT) in direct conjunction with Extended X-
ray Absorption Fine Structure (EXAFS) to understand fundamental questions related to the adsorption
sites of Cu on the CeO2(110) surface, their geometrical and local electronic properties, their substitution
on the surface and in the bulk of CeO, their interaction with oxygen vacancies, the influence of their
oxide clusters on the geometrical and electronic properties of CeO; surfaces and finally the electronic
properties of Cu(ll) ion with varying concentration of water molecules. In the next section we present
the theoretical and experimental methods used for this study, followed by the results of our detailed
study of the properties of Cu adatoms on CeO surface. Our calculations are compared with the
experimental results from our XAFS studies on Cu/CeOz (Cu nanoparticles synthesised in reduced and

oxidised state). We then present an account of (CuO), clusters interacting with CeO2(110) surface.
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These calculations were performed as the prepared materials for the experimental measurements used
catalyst treated in air and hydrogen in order to change the type of species (CuO and Cu). Finally, we
also report theoretical calculations on the geometrical and electronic properties of Cu(ll) systems in the
presence of water molecules. Our study leads to a detailed understanding of the structural and

electronic properties of this important catalytic material.

2. Computational and experimental detail

2.1 Computational

We employed the Vienna Ab-initio Simulation Package (VASP) to perform all the spin-polarized
DFT+U calculations.2'-23 Theoretical studies have shown that the stability of CeO, surfaces is in the
order of (111) > (110) > (100), and it is generally considered that the CeO2(110) surface is catalytically
more active.%24 Therefore, for our studies we have focused on the latter surface. We used the projector
augmented wave (PAW) method and the cut-off energy for the expansion of the plane-wave basis sets
was set to 550 eV, which gave bulk energies converged to within 10-° eV.25 We chose a convergence
criterion of 0.01 eV/A for structural optimizations. For all the calculations, the Perdew-Burke-Ernzerhof
(PBE) version of generalized gradient approximation (GGA) was used to carry out geometry
optimizations and total energy calculations.?6 The ideal (110) surfaces were modeled by a 2x2 supercell
with 9 atomic layers; the slab was cut from bulk CeO; with a theoretical lattice constant of 5.492 A (Exp.
5411 A) and a k-point grid of 4x4x1 was employed for all slab calculations. In the direction
perpendicular to the surface we used a vacuum gap of ~15 A. In previous studies, it has been reported
that the localization of electrons in f-orbitals in Ce ions is correctly represented by the Hubbard
parameter Ue=5 €V.24 In our studies we have used a U value of 5.0 for both Ce 4f-orbitals and Cu 3d-
orbitals.8.11.27.28 |n our models, we placed the Cu atoms on both sides of the CeO; surface so as to
nullify any spurious dipole moments that would be present in the single-sided system. Similar
calculations were also performed on the CuO monomer, dimer and tetramer in order to understand the

interaction between copper oxide and CeO surface.

The adsorption energy of these systems were calculated using:

Ead = {Ex+ce02 = (Eceo2 + 2XEadsorbate)}/2, (1)

where, Eaq is the adsorption energy, Ex:ceo2 is the energy of the system with the Cu or (CuO)n(=1,284)
adsorbed on Ce0(110) surface, Eceo, is the energy of the pristine CeO2(110) surface, Eagsomate is the
energy of an isolated Cu atom or (CuO)n(=1284) Cluster. The charges on various atoms were obtained

using the Bader charge analysis as implemented by Henkelman and co-workers.?® The charge density

difference, pqir, was calculated by subtracting the sum of the charge densities of adsorbate p,gsorbate
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and pristine geometry (ppristine surface) Of the surface of the same geometry from the total charge

density (ptorqr) Of the system ie.

Pdiff = Protal — (PPristine surface — Padsorbate) (2)

For the calculations involving water molecules on Cu(ll) systems, the adsorption was allowed on
only one of the two surfaces. In these calculations the dipole moment, due to the adsorbed species,
was accounted for using the methods implemented in VASP according to the procedures of Makov et
al. and Neugebauer et al.30:3" We used the Electronic and Structural Analysis (VESTA) package for the

visualization of 3D and 2D charge density differences.3233

2.2 Experimental
Synthesis

1.5 wt% Cu/CeO, was synthesised based on a deposition-precipitation method.3* An aqueous
solution of Cu(NOs). (Sigma Aldrich) was prepared and the pH was brought to 8 by adding dropwise an
aqueous solution of KOH (0.1 M). The solution was then heated at 70°C and commercial CeO; (Ceria
60 Evonik) was added under vigorous stirring to the solution, keeping the slurry at 70 °C for 2h. The
obtained slurry was kept digesting for 24 h. The final catalyst was filtered, washed with warm water (70
°C) for several times until disappearance of nitrate and chloride species and finally dried at 120°C
under static air. After drying,two heat treatment procedures were followed. For the calcined catalyst the
material was heat treated in static air at 450°C for 1h. For the reduced catalyst, the material was first
calcined (at 450 °C for 1h) and then reduced under Hz flow (30 ml min-1) at 150 °C for 1h.

Published on 23 August 2017. Downloaded by University College London on 23/08/2017 10:47:13.

Characterisation

Cu K-edge XAFS (X-ray absorption fine structure) measurements, which give both the XANES (X-
ray absorption near edge structure) and EXAFS regions, were performed at the Diamond Light Source,
UK on beamline B18 with a fast-scanning Si (111) double crystal monochromator. The time resolution
of the spectra reported was 5 min/spectrum (kmax = 14, step size 0.35 eV). Six fluorescence scans
were acquired to improve the signal to noise level using a 9 element solid state germanium detector.

EXAFS data analysis was performed using IFEFFIT with the Horae package (Athena and Artemis).35.36

3. Results and Discussion

We first discuss the results of both our computational and experimental analysis of Cu on the
Ce02(110) surface before examining the behaviour of Cu?* ions and of oxide clusters and the role of
water.

3.1 XAFS studies on Cu on Ceria
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The Cu K-edge XANES spectra of the Cu/CeO; reduced and calcined samples with the reference
samples CuO, Cu(l)oxide and Cu(ll)oxide are shown in Figure 1. Both samples show features similar to
Cu(Il)O indicating a Cu2* oxidation state. However, the 1s — 4p; transition which appears at 8988 eV
for CuO is less pronounced, suggesting that unlike CuO these samples are not in a square planar
coordination.3” The addition of an axial ligand around a Cu2* centre has been shown to reduce the
intensity of the 1s — 4p; transition, and we propose that the Cu in these samples is in either a distorted

octahedral or square pyramidal environment.38.39

The k2 weighted Fourier Transform EXAFS data for the reduced and calcined samples and the
calculated fitting parameters are shown in Figure 2 and Table 1. The data were fitted using two oxygen
scattering paths. The fit of the calcined sample resulted in a coordination number of four for the first Cu-
O path with a distance of 1.940 A, and a distance of 2.390 A for the second O-scattering path. In the
Fourier Transform of the EXAFS data, Figure 2, there are subtle features at longer distance suggestive
of scattering from a heavier element such as Cu, with which features in the y(k) data are also
consistent. As these features are subtle in comparison to that of bulk CuO, it would suggest that the
samples measured here are small clusters. Similarly, for the reduced sample, a coordination number of
four was obtained for the first Cu-O path with a Cu-O distance of 1.940 A and coordination number of
two with a Cu-O distance of 2.390 A for the second. The EXAFS fiting correlates well with the
assumption from the XANES spectra that the Cu is in a distorted octahedral or square pyramidal

environment, having two different Cu-Cu distances and an overall coordination of around six.

In the next stage of our study we perform DFT calculations to interpret the experimental findings on
coordination number of Cu and its local geometry, which is then extended to understand how the O-

atom environment around Cu influences its electronic properties.

3.2 Cu adatom on Ce0>(110) surface

First, we investigate the geometry and electronic properties of adsorbed Cu adatoms on the
Ce0,(110) surface. The adsorption of a single Cu atom is evaluated in four different sites namely, (1) on
top of O-atom (Orep), (2) on-top of Ce-atom (Cetop), (3) O—Ce bridge site (O-Cengg) and (4) on the four-
fold hollow site (4-foldneiow) (s€€ Figure 3).

Geometries

The optimized geometries are shown in Figure 4. After geometry optimization, the Cu adatom has
moved to the long bridge site for the Otp and Ce—Onqg Systems. These two geometries after geometrical
optimization are similar but not identical. In both cases, the Cu atom has moved to the long bridge site

after geometry optimization (Figures 4 (a and c)); and Owp and Ce—Onqg Systems can also be thought of
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as “top-long-bridge” and “bridge-long-bridge” configurations, respectively. These results are consistent
with previous theoretical studies.® We see that in these two systems the oxygen atoms close to the Cu
adatom rise up towards the Cu-atom disturbing the planarity of the surface. For the Cep System the Cu
atom moves away from the Ce atom (by 3.303 A), which indicates a weak interaction between Cu and
the CeO2 surface. In the case of the four-foldhoiow, Cu remains close to the surface. However, as shown
in Table 2, an analysis of the bond lengths shows that overall Ce-O distances in the Cu adsorbed
systems are comparable with those of the pristine CeO2(110) surface. We also found that the Cu-O
bonds are relatively shorter for Otwp and O-Cepgg as compared to 4-foldhoiow Site, which indicates a

stronger interaction between the Cu atom and the Ce02(110) surface for these locations.
Energetics of Cu adsorption on CeQOy(110) surface

In the next step, we investigate the adsorption energy of Cu adatoms on the above four
configurations of Cu on CeO2(110) surface. As shown in Table 2 the adsorption energy increases in the
order: Otop < O—Cepdg < 4-foldnoiow < Cetop, i.€., @ Cu atom is most stable in the Oty position. However,
as mentioned in in our discussion on local geometry in the above section, it is interesting to note that
after geometrical optimization, Owp and O-Cengg have similar geometries i.e., the Cu atom occupies a
position in the long-bridge site in between two oxygen atoms. But the adsorption energy of Oy is -
0.212 eV lower than the O—Cendq System. To clarify the underlying reasons for the difference in their
adsorption energy and hence in their stability, we analyze the atom projected partial density of states
(PDOS). As shown in Figure 5 (a — b) the PDOS for both Otp and O—Cendg configuration in terms of
orbital-interactions appear similar. However, in the case of Oiwp, the contribution of O p orbitals

(approximately from —1.5 eV to 0 eV, marked by blue circles) is comparable to the highly-localized Cu

Published on 23 August 2017. Downloaded by University College London on 23/08/2017 10:47:13.

d-orbitals, which completely overlap with each other; but in the case of Cu on the O-Cenqg site, the
contribution of O is lower than the Cu d-orbitals, so that the interaction of the nearby O-atoms with the
Cu-atom is stronger for the Owp case as compared to the O-Cengg case. Other than that the overall
signatures due to Cu(s, p and d) and O(s and p) for both Owp and O-Cendg Cases are similar. To gain a
more detailed picture of the interaction of the molecular orbital, we zoomed-in the PDOS (See Figure 5
(c—d)). At around -6 eV to -5 eV region (marked by green circles) an interesting contribution of a low-
lying Cu p-orbital for the Otwp case are seen, which overlaps with the O s-orbital signatures leading to
stronger bonding between the Cu-atom and nearby O-atoms. Similar contributions for the O-Cenqg
configuration are, however, not seen. This analysis clearly suggests that despite their similar
geometries the Owp System is more stable as compared to O—Cepdq due to the stronger hybridization

between Cu and surface O atoms in the former.

Electron transfer from Cu atom to the CeQ2(110) surface
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After determining the most stable configuration for the adsorption of a Cu-atom we extended our
investigation to the electron transfer for this system, focusing on the Owp model. Here, we performed a
comparative study on the f-orbital contribution of Ce in pristine CeO2(110) and on the Otwp model using
the PDOS. Before the adsorption of the Cu atom on CeO2(110) surface, the highest contribution of f-
orbital signatures due to Ce atoms are above the Er. Traces of the f-orbital signatures are also seen
below -3 eV to -1 eV. However, with the adsorption of the Cu in Owp model there is an appearance of f-
orbital signature just below Er (Fermi energy), clearly showing that the Ce(IV) atom is reduced to Ce(lll)
due to electron transfer (Figure 6 (a-b)). We also visualized the isosurface of electron spin densities for
the Owp model, which also clearly shows electron gain around the Ce-atom on the CeO2(110) surface
(See Figure 6 (c-d)). We further illustrated the electron transfer by calculating Bader charges, which
gives +2.385e-, —1.196e- and +0.454 e- for Ce, O and Cu atoms respectively on the CeO,(100) surface.

The Bader charge on the reduced Ce is seen to be +2.102 e-, which clearly shows electron gain.
Cu(ll) on the surface and in the bulk

In the above section we discussed the geometrical and electronic properties of Cu-adatoms on
Ce02(110) surface. However, as described in the experimental section, Cu appears to be present
predominantly as Cu(ll). To construct models of CeO2 with Cu(ll) incorporated, we first substitute a Ce
atom with a Cu2* ion either on the surface using the CeO,(110) slab representation or in the bulk
material and created an oxygen vacancy for charge compensation. We refer to the Cu2* ions replacing

surface and bulk ceria as Cust and Cubk respectively.

The optimized structures show interesting geometrical properties. In the Cust model the Cu adopts a
square-planar structure with the nearby O-atoms (Figure 7(a-b)). The four Cu-O bond distances are:
1.918 A (01), 1.949 A (02), 1.940 A (O3) and 1.967 A (O4) (Figure 7(a)), which agree with previous
theoretical findings.*? In the case of Cupi also, the Cu atom adopts a square-planar structure with four
close O-neighbours at a distance of 1.965 A (1), 1.950 A (02), 1.956 A(O3) and 1.950 A (O4). (Figure 7
(c)). These distances are also comparable with the bond distances from our EXAFS measurements.
However, the coordination number does not agree with that derived from the EXAFS. As a Cu(ll) centre
has a d° configuration, these models contain unpaired electrons. On visualizing the calculated spin
density of these systems, we see that it is highly localized around the Cu centres and nearby O-atoms
in both bulk and surface substitution positions. The shape of this spin density indicates that there is

bonding between Cu d and O p-orbitals (See supplementary Information).
3.3 (CuO)n(=1,284) clusters on CeO2(110) surface

Clearly the calculated geometries of the Cu centres in surface and bulk using the simple substitution

models do not match well with the experimental EXAFS measured parameters for the Cu environments.
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Therefore, we performed a study of the interaction of (CuO)n(=1,2a4) Clusters on the CeO2(110) surface.
Initially, we have attempted to identify the stable location for CuO on the CeO2(110) surface. Two
different configurations: (a) Cu atom of Cu—O on the four-fold hollow site and O on top of the Ce atom,
which gives a natural continuation of the underlying lattice (Conf.1) and (b) the Cu atom of Cu-O on
top of Ce atom and O in the long-bridge site (Conf.2), which places the O atom far away from surface O
anions but does put the Cu cation close to a surface Ce, which is expected to lead to a significant
repositioning of the Cu—O unit on relaxation. For convenience, the top and side views of the above two
configurations have been shown in Figure 8 (a-b). In the fully relaxed structure Conf.1, the Cu-atom
forms a bond with one of the two nearby O-atoms with a coordination number of two for Cu (Figure 8
(b)) while Conf.2 attains a vertical Ce—O-Cu geometrical configuration (Figure 8 (d)). The bond
distances around the Cu-O are summarized in Table 3. We see that in both configurations, the Cu-O
bond distances are in the range of 1.726 A — 1.886 A, which are shorter than the experimentally
observed bond distances (1.940 A — 2.390 A), the probable reason for which can be attributed to the
environment around the Cu and O atoms. The adsorption energy of Conf.1 (-2.423 eV) is more
negative than Conf.2 (-1.170 eV) implying higher stability of Conf.1. Therefore, in the next step, on the
basis of the optimized geometry and energetic favorability of Conf.1 we build (CuO)2s4 clusters on the
Ce02(110) surface with Cu atoms closer to surface O-atoms and O-atoms closer to the surface Ce-

atoms.

In the (Cu0)2/Ce02(110) system both Cu-atoms have a coordination number of two, while in the
case of the (CuO)4/Ce02(110) system there are two types of Cu-atoms with coordination number of

three and two other with four. The optimized structures are shown in Figure 8 (e-f). In the

Published on 23 August 2017. Downloaded by University College London on 23/08/2017 10:47:13.

(Cu0)2/Ce02(110) system, we see that there are different sets of Cu-O bond distance i.e., within the
(CuO), cluster the average Cu-O bond distance is 1.854A and the average bond distance between Cu
of (CuO), from the surface O-atoms is 1.966A. On the other hand in the (CuO)4/CeQ2(110) system, the
Cu-O bond distances are 1.883 A from the CeO, surface. In the first layer above the CeQy(110)
surface, the CuO bond distances are 2.191 A. The distance from the first to the second layer is either
1.891 A or 1.934 A. In the uppermost layer the Cu—O bond distances are 1.912 A and 1.895 A, which
shows that that the Cu-O bond distances are determined by the number of surrounding Cu and O
atoms. Overall we see a monotonic increase in Cu-O bond distances with increase in (CuO)n=1.24)
cluster size and the bond distances are comparable with those of the experimental Cu-O bond
distances as reported in Table 1. Further, on considering the Ce-O bond distances on the surface or in
the bulk, we find that the average bond distances are comparable. However, it is interesting to note that

near the (CuO)n(=1,284) Cluster minor expansion and contraction of Ce-O bond distances take place. We
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have also calculated the adsorption energies for each cluster relative to the same gas-phase species
and find that the adsorption energy per Cu-O unit decreases with cluster size so that for Cu-O Eaq = -
2.417 eV, for (Cu-0)2 Ea¢ = -1.410 eV and for (Cu-0)s Eaq=-1.291 eV.

Finally, we visualize the electronic charge density difference using:
Pdiff = Protal — (Pce0, ~ P(Cu0)n(=1 2a4)) 3)

where, pgisr is the charge density difference, pyorar is the charge density of the (Cu—O)n=1284)
ICe02(110)system, which constitutes of CeO2(110) surface and (Cu-O)n(=1,284) Clusters, pceo,is the

charge density of the CeO2(110) surface without the (Cu—O)n=1,284) clusters and p(cuo),, -, ,.,, 1§ the

charge density of the (Cu-O)n(=1,284) Clusters in isolation. These density difference plots show that, due
to the presence of the (CuO)n=1.24) Clusters, there is charge accumulation close to the CeOx(110)
surface (blue lobes in Figure 9 (a—c)). To confirm this finding we then calculated the Bader charge
distribution on Ce atoms layer by layer through the simulation slab, (See Figure 9 (d)), which shows that
on the uppermost layers, close to these clusters, there is accumulation of electron density as compared

to the atoms in the bulk.
3.4 Cu(ll) in the presence of water molecules

The above study shows close agreement of Cu-O bond distances with experimental findings but to
reproduce the Cu environment found by experiment further investigation is required. We now extend
our study to the systematic investigation of the influence of the O-environment around the Cu(ll) atom
on the geometrical and electronic properties, which is achieved by introducing hydroxide groups and
water molecules, which are likely to be present in the synthesized material. Cu(ll) is modelled by
introducing two OH groups to be bonded to the Cu atom and the Cu(OH). system is placed in close
proximity with four other oxygen atom in the long bridge site (Figure 10 (a-b)). Subsequently this system
of two OH groups bonded to the Cu atom on the surface of CeO2(110) surface will be referred to as
“Cu(OH). system”. We note that there is no need for a charge compensating oxygen defect in the ceria

surface for this model.

For comparative purposes, similar calculations were carried out placing a Cu-atom in close proximity to
four oxygen atoms in the long-bridge site with two water molecules in close proximity (Figure 10 (c)),
which will allow assessment of the influence of Cu oxidation state on the calculated geometries. After
optimization the Cu(OH)2 system forms Cu(ll) in a square planar structure (with coordination number =
four) while the structure in Figure 10(c) calculation gives a linear -OCuOH structure (with coordination
number = two). In the case of the latter system with two water molecules, we see interesting surface

restructuring followed by hydrolysis of a water molecule and the adsorption of OH to a nearby Ce-atom
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on the Ce0,(110) surface is also seen. The Cu-atom forms bonds with one of the O-atoms bonded to
an H-atom from the hydrolyzed water molecule, which loses its planarity with the rest of the CeO»
surface. The average Cu-O bond distances in this systems is seen to be 1.813 A. In the Cu(OH).
system, however, no such surface restructuring is observed and the Cu — O bond distance is 1.940 A.
We also investigated whether the adsorption of water molecules on the Cu(OH), system influences
the overall geometry generally and the coordination number of Cu with respect to O-atoms in particular,
for comparison with the EXAFS data. For these calculations we use the fully relaxed geometry of the
Cu(OH), system described above and then include one, five and finally fifteen water molecules to
represent solvent remaining on the surface of the material from adsorption of water from the
environment (Figure 11 (a-c)). The first water molecule was placed with O coordinating to Cu and
addition water molecules were introduced in a way to form a H-bonding network. Various bond
distances are summarized in Table 4. We see from the table that the overall Ce-O bond lengths on the
Ce02(110) surface and in the bulk of CeO2(110) surface do not change significantly. The Ce-O bond
distances are only slightly longer near the Cu(OH)2 group of atoms. Moreover, the calculated Cu-O
bond distances are close to the experimentally reported value of 1.940 A for both calcined and reduced
Cu/CeO systems (See Table 1). It is interesting to note that Cu has a coordination number of five, only
in the case of five water molecules, which resembles a square pyramidal structure as seen in our
experimental findings (Section 3.1). As shown in Table 4 four of these Cu-O bond lengths are 1.996 A
and the other Cu-O distance is 2.307 A, which is due to the adsorbed water on Cu. These calculated
Cu - O distances are in agreement with the experimental findings. In all other cases a coordination

number of four is seen, which clearly shows that there is an optimum number of water molecule favors

Published on 23 August 2017. Downloaded by University College London on 23/08/2017 10:47:13.

higher coordination number due to hydrogen-bonding between nearby water molecules. We may
attribute this behavior to the fact that when the number of water molecules is higher the intermolecular
H-bonding is stronger so water molecules drift away from the Cu-atom to form water clusters, leading to

a Cu-0 coordination number of only four.

We also performed additional calculations to confirm if the initial geometry of the Cu(OH), system
influences the final coordination number of the Cu-atom. Here, the Cu-atom bonded to two OH groups
is placed in close proximity to four O-atoms on the long-bridge site of the CeO2(110) surface along with
10 water molecules and is then fully relaxed (Figure 11 (d)). In the fully relaxed geometry, the Cu-atom
maintains a coordination number of four. But it is interesting to note that in the optimized structure, the
Cu-atom is coordinated to one H20 molecule, which is formed by proton-transfer to one of the OH
groups bonded to the Cu(ll) ion from a neighboring water molecule, which leads to the adsorption of an

OH group to a Ce-atom on the CeO2(110) surface. We also see that three of the other nine water
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molecules adsorb on the CeO,(110) surface and the other six water molecules set up a H-bonding
network to form a water cluster. In the other models with one, five and fifteen water molecules, we do
not find dissociation of water molecules. Furthermore, we also performed calculations for one, five, ten
and fifteen water molecules on pristine surfaces for a comparison with that of the Cu(OH)2/CeO;
system (Figure 11 (e-h)). These calculations reveal that, in general, water molecules prefer to cluster
together by forming H-bonds. However, at a very high concentration of fifteen water molecules (Figure
11 (h)) dissociation of water molecules can be seen. In all cases, the water molecules are arranged in
such a fashion so as to form H-bonds with the surface O-atoms of CeO2 or among themselves. From
the above comparison of water molecule in pristine Ce02(110) surface and Cu(OH)2/CeO2(110) surface
we find that the latter Cu(OH). systems facilitates adsorption of water molecules on to the CeO2(110)
forming Ce—OH, bonds ranging from 2.591 to 2.753 A (See Table 4) and dissociation of water

molecules take place at a lower concentration than for pristine CeO2(110).

In the next phase of this study, we analyze in more detail the nature of the interaction of water
molecules on the surface of CeO2(110), which requires calculation of the charge density difference

using, in this case, the equation:
Pdiff = Protal — (PCe0,+Cu(0H); ~ P(Hz0)n(=15 8 15)) (4)

Here, pqifr is the charge density difference, porar iS the charge density of the system, which

constitutes of CeO2(110) surface, Cu(OH)2 and water molecules, pceo,+cu(omn),is the charge density
of the CeO2(110) surface with Cu(OH)2 system without water molecule and p(u, o), 4, i the density

of one, five or fifteen water molecules. For clarity we generate 2D contour maps for the electron charge
density differences for the uppermost layer consisting of Ce and O atoms directly interacting with the
H.0 molecules in the Cu(OH)2 systems. As shown in Figure 12 (a—c), for further clarity we have also
labeled the Ce and O atoms of the CeO2(110) surface. The variation in the peak heights may be related
to charge polarization due to the presence of water molecules. From this analysis we conclude that with
increase in the number of water molecules, there is redistribution of charges on the surface of
Ce0,(110) surfaces especially around the H.O molecules. It is also worth noting that the contour
around the Ce atom marked as Ce'" in Figure 12 (a-c) is different for the Cu(OH). system with five H,O
molecules (Figure 12 b), which may be related to the fact that in close proximity to this Ce atom in
addition to one of the OH of Cu(OH), there is another water molecule, while in the Cu(OH), systems
with one and fifteen water molecules, other than the OH of Cu(OH),, there are no other water
molecules. The analysis of PDOS of Ce atoms on which water molecules are adsorbed shows no direct

charge transfer between water molecules and the CeO, surface.
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We have also analyzed the PDOS for the Cu-atom and one of the two O-atoms of OH group to
understand how the increase in the number of water molecules influences the local electronic
properties of the Cu(ll) ion in the Cu(OH). systems. We find that on increasing the number of water
molecules from one to five and fifteen, the overall nature of up-spin and down-spin orbital contribution
due to Cu's, O p and Cu d is comparable (See Figure 13 (a—c)). However, interesting changes in the
contribution of these orbitals can be seen when we focus on the contribution of O p and Cu d-orbital
signatures around -8 eV to —6 eV where in the case of Cu(OH). system with five water molecules, the
down-spin O p-orbital is broader than the other two cases (See Figure 13 (d-€)). In the Cu(OH)2 system
with one water molecule, the up-spin O p-signatures are not as broad as Cu(OH). with five water
molecules and in the Cu(OH). system with fifteen water molecule the up-spin O p orbitals have two
pronounced peaks. In addition another notable feature is seen at the top of the valence band, around -1
eV (green dotted circle in Figure 12 (a—c)) where, in the case of the Cu(OH), system with five water
molecules the Cu d-orbitals becomes particularly broad, which may be due to the interaction of Cu d-
orbitals with the lone-pair O p-orbitals of the fifth O-atom coordinating to the Cu atom. This study show
that a critical concentration of water molecules is required for obtaining a coordination number higher
than four in the Cu(OH)2-CeOz system and we conclude that the hydroxylated and solvated Cu?* ion
can explain the experimentally observed Cu-O coordination and estimated distances. We conclude that
the model with five water molecules best rationalizes the experimental data and is consistent with the
fact that the EXAFS data were measured on catalysts exposed to the atmosphere, most likely having

adsorbed water on the surface.

Published on 23 August 2017. Downloaded by University College London on 23/08/2017 10:47:13.

4. Summary and Conclusions

The geometrical and adsorption properties of Cu species on the CeO2(110) surface are complex.
An analysis of the PDOS shows that these unique properties are due to the contribution of low-lying Cu
p-orbital and O s-orbital signatures. On the most stable structure clear charge transfer between Cu and
the CeOo(110) surface is seen. Combined XANES and EXAFS studies with reference to Cuo,
Cu(l)oxide and Cu(ll)oxide show the presence of Cu(ll)O with Cu in +2 state. Based on the
experimental findings, we then studied the local electronic properties of Cu(ll) on the surface and in the
bulk of CeO2(110) by substitution of a surface Ce—atom and creating an oxygen vacancy. The results
show Cu-O bonds are close to the experimental values and the spin density of electrons highly
localized around the Cu and O-atoms show strong bonding due to the hybridization between the Cu d
and O p-orbital. To investigate further the experimentally observed O-atom environment around Cu(ll)

atom, we studied the interaction of (CuO)n(=1,284) clusters on CeO(110), which shows that, based on the
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Cu-0 environment, the geometrical properties of these clusters may vary. We also conclude that the
presence of (CuO), clusters leads to relatively higher localization of charges on the surface exposed to
the (CuO)n clusters. Finally, studies on the Cu(OH)2/CeO2(110) systems in the absence and presence
of increasing concentrations of water molecules was carried out. From these calculations we conclude
that in presence of a critical concentration of water molecules, Cu is more stable with a coordination
number of five with a square pyramidal geometry, which agrees well with our experimental findings,
while in all other cases it has a coordination number of 4. We also conclude that Cu(ll) facilitates water
adsorption on CeOo(110) surface. Our study further shows that H transfer from water to
Cu(OH)2/Ce02(110) can take place. Analysis of the electron density difference shows a clear
redistribution of charges on the CeO2(110) surface which varies with the concentration of water
molecules used in the model. The calculated Cu-O bond distances are in close agreement with the

experimentally observed values.
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Table 1. EXAFS fitting parameters for the calcined and reduced Cu/CeO, samples. Fitting parameters: Sy 2 =
0.72 calculated using a Cu foil standard; Fit range 2.5< k < 10.9, 1 < R < 3 ; number of independent points:
10.4.

Sample Abs-Sc CN R (A) 02 Ei (eV) R factor
Cu/Ce0; Cu-0 4.8+0.7 1.9410.01 0.005+0.002 142 0.02
calcined Cu-0 1 (set) 2.3940.09 0.01£0.02 - '
Cu/Ce0; Cu-0 5.2+0.5 1.949+0.009  0.006+0.001 141 0.006
reduced Cu-0 1(set) 2.4+0.1 0.03£0.03 B '



http://dx.doi.org/10.1039/c7cp04144f

Published on 23 August 2017. Downloaded by University College London on 23/08/2017 10:47:13.

Physical Chemistry Chemical Physics

Page 20 of 35
View Article Online
DOI: 10.1039/C7CP04144F

Table 2. Bond lengths for Ce-O on bulk and on the surface of pristine CeO2(110) surface and on
Ce0o(110) surface with Cu on-top O-atom (Oxp), on top of Ce-atom (Cerop), on Ce—O bridge (Ce—
Obridge) and on the four-fold hollow site (4-foldnotiow).

Bond lengths (Angs)

System Ead (eV)
(Ce-O)k (Ce-0)st Cu-0 Cu-Ce
Pristine - 2.378 2.341 -
Otop 2.376 2.342 1.773 - -3.236
Cuon Cetop 2.378 2.343 3.303 -0.101
O-Cebrigge 2.377 2.337 1.767 - -3.024
4-foldholiow 2.377 2.338 1.961 - -1.061
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Table 3. The average bond distances for Ce-O in the bulk ((Ce—O)ui), on the surface ((Ce-O)sr), Cu-O
bond distances in the (CuO)n(=1,284) ((Cu-0)astr), Cu-O bond distances for Cu of (CuO)n=1,284) Cluster and O of
the CeO2(110) surface Cucist—Osrtand O of the (CuO)n(=1,2a4) cluster and Ce of the CeO2(110) surface.

T

Average bond distances (A)

System

(Ce-0)uik (Ce-0)st (Cu=O)aistr CUgist—Osrt Oust—Cegrt
(Cu-0)cont.1/Ce02(110) 2.378 2.339 1.726 - 2.112
(Cu=O)cont2/Ce02(110) 2.381 2.301 1.786 1.826 2.139
(Cu-0)2/Ce02(110) 2.377 2.338 1.854 1.966 2.446
(Cu-0)4/Ce05(110) 2.377 2.370 2.004 1.883 2.237
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Table 4. Coordination number (CN) around the Cu(ll) ion and the average bond distances for Ce-O in the bulk ((Ce~O)ui),
on the surface ((Ce-0)sr), Ce—0 distance close to the Cu(ll) ion ((Ce-0)cy), Cu-O distances close to the Cu(ll) ion (Cu—On),
distance between O of adsorbed H20 and Ce on the surface and distance between the adsorbed H20 on Cu(ll) ion (Cu-H20).

Bond distances

System CNaround U o O (Co-Opx  (C6-Oly  CuOy  Co-thOw  Cu-thO
Cu + 2 Water mol, 2 2338 2378 2510 1814 2753 -
Cu(OH), 4 2317 2378 2519 1.940 i _
Cu(OH) + 1 water mol, 4 2306 2378 2447 1938 2628 -
Cu(OH), + 5 water mol. 5 2316 2378 2483 1.996 2 561 2307
Cu(OH) + 15 water mol. 4 2340 2378 2462 1.047 2591 -
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Figure 1. Normalised XANES spectra of Cu/CeQ calcined (black), Cu/CeO2 reduced (red), and the reference materials CuO (blue), Cu20 (green) and Cu foil (orange).
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Figure 3. The adsorption of Cu adatoms were investigated on (a) top of O-atom, (b) top of
Ce-atom, (c) O-Ce bridge, (d) the four-fold hollow site and (e) long-bridge site of CeO2(110)
surface. The periodic boundary of the 2x2 model is shown with dotted lines. The first two
layers are shown in ball and sticks and lower layers are shown in van der Waals spheres.
The O atoms are shown in red and Ce atoms in canary colours as indicated in the key.


http://dx.doi.org/10.1039/c7cp04144f

Published on 23 August 2017. Downloaded by University College London on 23/08/2017 10:

Physical Chemistry Chemical Physics Page 26 of 35

Figure 4. Optimized structures of Cu on (a) top of O, (b) top of Ce, (c) Ce-0 bridge and (d) four-fold hollow sites. The first two layers are shown in ball and
sticks and lower layers are shown in van der Waals spheres. The O atoms are shown in red, Ce atoms in canary and Cu atoms as congo pink colours as
indicated in the key.
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Figure 5. PDOS for (a) Cu on-top of O, (b) Cu on O—Ce bridge sites. The zoomed-in PDOS for (c) Cu on-top of O, (d) Cu on O-Ce bridge sites for analysing the
contribution of low-lying orbitals. The subscript “nr” refers to the oxygen atom close to the Cu ion.
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Figure 6. PDOS for Ce f-orbitals for Ce atoms in (a) pristine and (b) Cu on top-long-bridge site of Ce02(110). The Fermi energy (Er) is shifted to zero and it is
marked by a dashed line. (c) Side view and (d) top-view of isosurface of 0.006 /A3 for electron spin-density around the reduced Ce atom.
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Side view
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Figure 7. Optimized structures of Cu on the surface of CeOo(110) surface (Cusi) with an O-vacancy (a) side-view and (b) top-view and (c) side-view for Cu in
the bulk (Cupi). The position of the O vacancy is marked by a dotted-filled black squares. Two layers directly interacting with the Cu atoms are shown in ball and
sticks and rest of the atomic layers are shown in van der Waals spheres. The O atoms are shown in red, Ce atoms in canary and Cu atoms as congo pink
colours as indicated in the key.
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Figure 8. Side view and top view of a CuO diatomic cluster with (a) O on top of a Ce atom and Cu in the four-fold hollow site (Conf.1) and (b) Cu on top of a Ce
atom and O in the long-bridge site (Conf.2). Optimized structure of (c) Conf.1, (d) Conf.2, (e) (CuO). cluster on CeO2(110) and (f) (CuO)2 cluster on CeO2(110).
The first two layers are shown in ball and sticks and lower layers are shown in van der Waals spheres. The O atoms are shown in red, Ce atoms in canary and
Cu atoms as congo pink colours as indicated in the key.
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Figure 9. Electron charge density difference of (a) Conf.1, (b) (CuO)2 and (c) (CuO)s clusters and (d) Bader charge distribution on Ce atoms by layers.
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Figure 10. (a) A schematic representation of initial models with an octahedral O-atom environment around a Cu on the long-bridge site of CeO2(110) surface.
The curly lines represents other surface atoms. (b) Initial and final structure of Cu(OH). and (c) initial and final structure of Cu(H20)2 on the long-bridge site. The
first two layers are shown in ball and sticks and lower layers are shown in van der Waals spheres. The O atoms are shown in red, Ce atoms in canary, Cu
atoms as congo pink and H atoms in white colours as indicated in the key.
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Figure 11. Cu(ll) on CeO2(110) surface in presence of (a) 1, (b) 5 and (c) 15 water molecules and (d) Cu(ll) in the long-bridge site and relaxed in presence of
10 water molecule. (e) 1, (f) 5, (g) 10 and (h) 15 water molecules on pristine CeO> (110) surface. The first two layers are shown in ball and sticks and lower
layers are shown in van der Waals spheres. The O atoms are shown in red, Ce atoms in canary, Cu atoms as congo pink and H atoms in white colours as
indicated in the key.
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Figure 12. A 2D contour representation of charge density difference of the top layer of CeO. (110) surface interacting with (a) 1, (b) 5 and (c) 15 water
molecules in Cu(OH),-CeO, systems, which clearly shows that with increase in the number of water molecules, there is a redistribution of charges on the
surface of CeO2(110) surfaces especially around the H20 molecules.
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Figure 13. Partial density of states for Cu(OH)2 system with (a) one, (b) five and (f) fifteen water molecules. Partial density of states for for Cu(OH)2 system with
(a) one, (b) five and (f) fifteen water molecules in the -8 eV to —6eV.
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