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The interaction of Mg and CeO, is studied with
photoelectron and resonant photoelectron spectroscopy and
DFT + U simulations.
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The catalytic activity of cerium dioxide can be modified by deposition of alkaline earth oxide
layers or nanoparticles or by substitutional doping of metal cations at the Ce site in ceria. In

order to understand the effect of Mg oxide deposition and doping, a combination of experiment
and first principles simulations is a powerful tool. In this paper, we examine the interaction of Mg
with the ceria (111) surface using both angle resolved X-ray (ARXPS) and resonant (RPES)
photoelectron spectroscopy measurements and density functional theory (DFT) corrected for on-
site Coulomb interactions (DFT + U). With DFT + U, we also examine the interaction of Mg
with the ceria (110) surface. The experiments show that upon deposition of Mg, Ce ions are
reduced to Ce* ", while Mg is oxidised. When Mg is incorporated into ceria, no reduced Ce**
ions are found and oxygen vacancies are present. The DFT + U simulations show that each Mg

that is introduced leads to formation of two reduced Ce’™*

ions. When Mg is incorporated at a

Ce site in the (111) surface, one oxygen vacancy is formed for each Mg to compensate the
different valencies, so that all Ce ions are oxidised. The behaviour of Mg upon interaction with

the (110) surface is the same as with the (111) surface. The combined results provide a basis for
deeper insights into the catalytic behaviour of ceria-based mixed oxide catalysts.

1. Introduction

Due to its oxygen storage capability, OSC, ceria is widely
studied in catalysis.!> A distinguishing feature of ceria is the
relative ease with which the oxidation state of Ce changes from
oxidised Ce*" to reduced Ce* ", accompanied by formation of
oxygen vacancies.”!” The reactivity of ceria in oxidation
reactions, include CO oxidation'®?° and NOx reduction® 2
is intertwined with the release and uptake of oxygen.

Doping of ceria with other metal cations, such as Zr, La, Pd,
Ti and Cu has been widely studied®®® to enhance reactivity in
oxidation reactions. Also, catalysts based on mixed
MgO-CeO, supports and Mg doping have been proposed for
many different reactions.***

First principles simulations have been applied to study the
atomic level properties of undoped'*!” and doped ceria
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surfaces,®** to rationalise experimental findings and deter-

mine the impact of the dopant on the properties of ceria.
Dopants include Au,***7 Zr,* Ti,*® La,* Pt,* Pd*** and
Ni.*® These studies have used density functional theory (DFT)
corrected for on-site Coulomb interactions (DFT + U),*->
and more recently, hybrid DFT with the Heyd-Scuseria-Ern-
zerhof (HSE)*!*>? functional.

Despite this interest in doped ceria, there have been few
studies where experiment and modelling have investigated the
electronic structure of doped ceria. In ref. 45, Pt doped ceria
(111) was studied with DFT + U in conjunction with experi-
mental characterisation of this catalyst. The modelling was
able to provide insights into the experimental findings.

Recently, in the context of CO, reduction, which is a route
to production of hydrocarbons, we have performed a number
of studies examining CO, reduction at ceria modified with
Mg.337% In these works the interaction of Mg and ceria (111)
films grown on Cu was also studied with photoelectron
spectroscopy (PES) and resonant PES (RPES), to characterise
the nature of the electronic states in the oxide after
introduction of Mg.

In this paper, we present comprehensive results of a study
using first principles DFT + U and hybrid DFT simulations
along with experiments to study the interaction of the ceria
(111) and (110) surfaces with Mg. Mg is introduced as (i) an
adsorbate and (ii) as a substitutional dopant in both surfaces.
The (111) surface is the best characterised ceria surface,>®>’
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while the (110) surface tends to be the more reactive
surface.”®

The experimental results show that when Mg is deposited at
the (111) surface, reduced Ce*" ions and Mg>* are formed;
this result is also found in the DFT calculations at the (111)
and (110) ceria surfaces. In the latter, two surface Ce ions are
reduced to Ce*". Further annealing and oxidation indicates
incorporation of Mg into the CeO,_, matrix and the presence
of only Ce*". From the calculations, doping Mg onto a Ce site
leads to spontaneous formation of oxygen vacancies, without
formation of Ce**. In addition, a notable reduction in the
formation energy of catalytically active oxygen vacancies is
found. Thus, a combined experiment and DFT modelling
investigation can provide deep insights into catalytically im-
portant model systems.

2. Methodology
Experimental

Angle resolved X-ray (ARXPS) and resonant (RPES) photo-
electron spectroscopy measurements were performed at the
Materials Science Beamline, Elettra (Trieste, Italy). Photoelec-
tron spectra were acquired with a high luminosity electron
energy analyzer (Specs Phoibos 150), equipped with a 9
channel detector. For the ARXPS we used a dual Al/Mg
X-ray source. Core level spectra of Ce 3d, Cu 2ps3), O Is, Mg
Is and C 1s were acquired using Al-Ka (1486.6 eV) radiation.
The SRPES measurements employed a bending magnet syn-
chrotron source that produced linearly polarized light in the
energy range of 21-1000 eV. The resonant photoelectron
spectra of the valence band were recorded at photon energies
(PEs) hiv = 115, 121.4 and 124.8 eV. All spectra were taken at
constant pass energy, at emission angles of the photoelectrons
(y) of 20° and 60° for the Al Ko and of 0° for the synchrotron
radiation with respect to the sample normal. The spectra
measured with the synchrotron light were normalized with
respect to the ring current and acquisition time. The total
spectral resolution achieved with the Al Ko and synchrotron
radiation was 1 eV and 150-200 m eV, respectively. Ce 3d, O s,
C 1s, and Mg 1s core level spectra were fitted with Voigt profiles
after subtraction of Shirley background.

The experimental end station was equipped with a rear-view
LEED optics, a quadrupole mass spectrometer, an ion gun,
and a gas inlet system. The background pressure in the
analysis chamber was better than 2 x 10~'° mbar during all
measurements.

A single crystal Cu(111) disc (MaTecK) was cleaned by
several cycles of Ar ™" ion sputtering (at 300 K for 60 min) and
annealing (723 K for 5 min) until no traces of carbon or other
contaminants were found in the photoelectron spectra. Epi-
taxial layers of CeO,(111) were grown on clean Cu(111) by
physical vapor deposition (PVD) of Ce metal (Goodfellow,
99.99%) at an oxygen partial pressure of 5 x 1077 mbar
(Linde, 99.995%) at 523 K, followed by annealing of the films
at 523 K in an oxygen atmosphere of the same pressure for 10
min. LEED measurements revealed a well-ordered CeO,(111)
film with a (1.5 x 1.5) superstructure with respect to Cu(111).
The prepared films typically reveal flat terraces separated by

steps, with the top terraces often covered with small ceria
aggregates. The thickness of the prepared films was deter-
mined from the attenuation of the Cu 2p;), signal, acquired
using Al-Ka X-ray source at y = 20°. A value of 1.5 nm was
measured, corresponding to about 5 monolayers (MLs) of
ceria. Here we define 1 ML as one O-Ce-O trilayer of
CeO(111), corresponding to thickness of 0.313 nm.’ For
further details concerning the preparation procedure we refer
to the literature.’*3>7% Mg metal (Goodfellow, 99.9%) was
deposited from a resistively heated Mo crucible onto the fully
stoichiometric CeO, film at 300 K. The amount of the deposited
material was estimated by the attenuation of the intensity of the
Cu 2p;), photoemission signal, acquired using an Al-Ko X-ray
source at y = 20°. The estimated thickness of Mg was about 0.6
nm. The deposition was followed by annealing to 700 K.
Finally, the samples were exposed to an oxygen atmosphere
(5 x 1077 mbar, 1000 s) at 523 K and subsequently annealed
to 700 K.

Annealing was done using a DC power supply passing a
current through Ta wires that held the sample. The tempera-
ture was measured by a K-type thermocouple attached to the
rear surface of the sample.

DFT + U and hybrid DFT simulations

In describing ceria (111) and (110) surfaces, a three dimen-
sional periodic slab model and a plane wave basis set descrip-
tion of the valence electronic wave functions are used within
the VASP code.®! The cut-off for the kinetic energy is 400 eV.
Blochl’s projector augmented wave (PAW) approach® de-
scribes the core-valence interactions; Ce has a 12 valence
electron potential, Mg has two valence electrons and O has a
[He] core.

We use the Perdew-Wang91 approximation to the exchan-
ge—correlation functional.®® k-point sampling is performed
using the Monkhorst—Pack scheme, with (2 x 2 x 1) and I'-
point sampling grids, depending on the surface supercell
expansion.

In the Tasker classification, the (111) surface is type I1°* and
is made up of neutral O—Ce-O tri-layers along the slab with no
dipole after cleaving. The (110) surface is type I, with neutral
CeO; planes in each surface layer. For the (111) surface (2 x 2)
and (4 x 4) surface supercell expansions were employed (as
discussed in ref. 65), while for the (110) surface, a (2 x 4) and
(2 x 2) surface expansions have been tested. For the (111)
surface, the slab is 4 O—Ce-O trilayers thick (12 atomic layers,
6% and 1.5% Mg dopant/adsorbate concentrations), while the
(110) surface slab is 7 layers thick, giving 56 Ce ions in the
larger surface supercell, with 8 Ce ions in the surface layer,
giving an overall dopant concentration of 1.8%. The vacuum
gap is 12 A.

The process of oxide reduction, so important in ceria, is
described through formation of an oxygen vacancy requiring
that oxidised and reduced Ce are treated consistently. To
describe oxide reduction in CeO, requires an approach such
as DFT + U® or hybrid DFT.***’ The application of DFT +
U to ceria is well known and will not be discussed
here. 01720223944 15y qur work, the U parameter is 5 eV on
Ce 4 f states.'>"?
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Hybrid DFT adds a portion of exact Hartree—Fock ex-
change to the local DFT energy, which helps to partially
correct the self-interaction problem with local DFT. 25% exact
exchange is applied and this is a universal parameter. The
screened exchange functional of Heyd-Scuseria-Ernzerhof
(HSE) is used,*** with a universal screening parameter of
0.2/1&. Due to the large computational expense of hybrid
DFT calculations in a plane wave basis set, we limit hybrid
DFT to the (2 x 2) surface supercell expansion of the (111)
surface, providing a check on the performance of DFT + U;
applications of hybrid DFT to ceria can be found in recent
papers.|7-52:67.68

3. Results

3.1 Experimental results on the interaction of Mg with
CeO,(111): ARXPS and RPES

We have studied the interaction of Mg with the CeO,(111)
surface using a CeO,(111) thin film grown on Cu(111) (see Fig.
1 and 2(a)). The film is composed of about five O—-Ce-O
trilayers. Two monolayer equivalents of Mg were deposited at
300 K (see Fig. 1 and 2b). Subsequently, we consider the
behaviour of the film upon annealing to 700 K (see Fig. 1 and
2¢) and reoxidation by O, (at 523 K with subsequent annealing
to 700 K, see Fig. 1 and 2d).

The core levels of Ce 3d, O 1s, and Mg 1s obtained using Al
Ka radiation at y = 60° before and after Mg deposition are
shown in Fig. 1a and b, respectively. The characteristic Ce 3d
spectrum of stoichiometric CeO,(111) is composed of three
spin- orbit doublets (v—u, v"’~u’’, and v""’—u’"") due to the three

photoemission final states evolving upon 3d core ionization of
Ce** (see ref. 1 for more details). The corresponding O 1s
spectrum has a single component at a BE of 529.4 eV.

A related set of the valence band spectra (resonant photo-
electron spectra) from the CeO,(111) film obtained at PEs of
115,121.4, and 124.8 eV is shown in Fig. 2a. The valence band
spectra measured at PEs of 124.8 and 121.4 eV show a
resonant enhancement of photoemission features related to
Ce*" and Ce*" ions, respectively. The spectrum at a PE of
115 eV corresponds to the off-resonance condition.®® The
principal features of the spectra, which are associated with O
2p hybridization with Ce 4f and 5d orbitals, have been
discussed previously, e.g. by Mullins er al.”® Resonantly en-
hanced features related to Ce** appear in the VB at binding
energies (BE) of 4 eV, Ce>" related features at 1.5-2 ¢V. The
individual resonant enhancements for Ce*" (denoted as
D(Ce**)) and Ce** (denoted as D(Ce®*)) are determined from
the intensity differences between the corresponding features in-
and off-resonance position (see e.g. ref. 69). They reflect the
variations of the oxidation state of cerium as a function of the
preparation conditions, with enhanced sensitivity with respect
to the Al K -excited Ce 3d core levels.®’

We now consider the spectra for the freshly prepared
CeOy(111) film before Mg deposition (Fig. 2a). For in-reso-
nance conditions we observe a significant increase of the
intensity at around 4 eV (D(Ce*")) and only a very weak
enhancement at 1.5 eV (D(Ce*")). This reflects the nearly
perfect stoichiometry of the CeO,(111) film which contains a
very small concentration of oxygen vacancies only.

Ce 3d
f“{iv

O1s

o*ce”|| Mg1s

529.4 e\f

11304.6 eV

Intensity, arb.u

O*(Mg”)

o*(ce”mgl)
530.4 eV

1304.2 eV

530.2 eV

“:\1303.4 &

O*(Ce*/Mg™
529.6 eV

920 915 910 905 900 895 890 885 880 875

534 532 530 528 5261308 1306 1304 1302 1300

Binding Energy, eV

Fig. 1 Ce 3d, O 1s, and Mg 1s core level spectra obtained using Al Ko radiation at y = 60° from stoichiometric CeO,(111)/Cu(111) film (a) after
deposition of Mg at 300 K (b), followed by annealing to 700 K (c), followed by oxidation at 523 K with subsequent annealing to 700 K (d).
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Fig. 2 Sets of valence band photoelectron spectra obtained with
photon energies corresponding to resonant enhancements in Ce**
(124.8 eV, black) and Ce** (121.4 eV, red), and to off-resonance (115
eV, green) from the stoichiometric CeO,(111)/Cu(111) film (a) after
deposition of Mg at 300 K (b), followed by annealing to 700 K (c),
followed by oxidation at 523 K with subsequent annealing to 700 K
(d). The resonant enhancements in Ce*’ and Ce*' give rise to
D(Ce**) and D(Ce*™) features at 4.1 and 1.5-2 eV, respectively.

Deposition of Mg onto the stoichiometric CeO,(111) at
300 K causes immediate reduction of ceria and oxidation of
Mg. Facile conversion of Ce** into Ce®™ is evident from the
analysis of the Ce 3d spectrum displayed in Fig. 1b. The two
doublets (v, — u, and v/ — u')® which emerge are character-
istic for Ce**. Only a very small contribution from the Ce**
remains in the spectra (see fit displayed in Fig. 1b). The
efficient reduction is consistent with appearance of a strong
D(Ce**) resonant enhancement feature appearing in the
valence band spectrum shown in Fig. 2b. The corresponding
O 1s spectrum shows a shift of the major component from
529.4 eV to 530.4 eV which is accompanied by the emergence
of a weak shoulder at 533.2 eV. The relative intensity of the
shoulder is dependent on the detection angle. The higher
intensity at y = 60° suggests that its origin is related to a
surface species, such as a surface defect site. Similar BEs were
reported, for example, for MgO (530.4-531.0 eV)’! and defect
rich surfaces such as e.g. Mg(OH), (533.2 eV),”! respectively.
In the Mg 1s region a single peak is observed at 1304.6 eV. A
comparison with typical BE ranges reported for Mg 1s (Mg":
1303.1-1303.2 eV; MgO: 1304.1-1305.0 eV; Mg(OH),: 1305.0
eV)”? suggests that Mg is quantitatively oxidized to Mg>"
upon deposition at 300 K.

From the above discussion, we conclude that Mg deposition
leads to formation of a defect-rich containing MgO-like layer
and facile reduction of Ce** to Ce®*. It is worth noticing that
according to the bulk phase diagram, MgO and CeO, are

nearly immiscible and do not form any ternary compounds.”?
However, formation of non-equilibrium MgO-CeO, solid
mixtures was reported by several authors.”>"

In order to obtain a rough estimate of the possible composi-
tion of the MgO—-CeO,_ , deposit, some XPS simulations were
performed using SESSA V1.1.7° A schematic representation of
Mg—CeO, structures considered in the XPS simulations is
shown in Fig. 3. We tested various distribution profiles of
deposited MgO layers within the CeO,_, film. A comparison
of the experimental and simulated ratios of the core level
intensities (Ce 3d and Mg 1s) at two emission angles (y) is
given in Table 1 for three selected model structures: (I) A model
structure assuming no intermixing, i.e. a pure MgO film (0.6
nm) on top of five O—Ce-O trilayers; (II) a model assuming
complete intermixing (six O—(0.2 Mg; 0.8 Ce)-O trilayers); and
(IIT) a model assuming partial intermixing (three oxygen defi-
cient trilayers O—(a x Mg; b x Ce)-O; 1st layer: (1.00 Mg; 0.00
Ce), 2nd layer: (0.67 Mg; 0.33 Ce), 3rd layer: (0.33 Mg; 0.67 Ce)
on top of four O—Ce-O trilayers).

The comparison of the simulated and experimental data (see
Table 1) shows that neither a pure MgO overlayer nor the
complete intermixing model can account for the experimental
intensity ratios. The depth profile of the MgO-CeO,_, film is
best described by model (III) assuming partial intermixing.
Any further modifications of the Mg—CeO,(III) profile did not
return any better match of the calculated and the experimental
values. The simulations suggest that intermixing of Mg?" and
Ce*" at 300 K occurs within few (approximately two) layers at
the interface with the topmost layer dominated by MgO.
Furthermore, the model is compatible with the presence of
oxygen deficiencies in the Mg-containing layers on top of pure
0O-Ce-O layers with Ce,Oj stoichiometry.

Atomic fraction

05

oT

0

CeO,(111)

Mg-CeO,-(II)

Mg-CeO,~(III)

Fig. 3 Schematic representation of CeOy(111), Mg-CeO, — (1),
Mg-CeO, — (II), and Mg-CeO, — (III) compositions considered in
XPS simulations. Different colours represent layers of cerium (light
grey), oxygen (red), oxygen deficient (yellow), magnesium (dark gray),
and a film of amorphous magnesia (dark gray and yellow patterns).
The Cu(111) substrate is shown in green.
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Table 1 The experimental (exp.) and simulated (sim.) intensity ratios
of Ce 3d and Mg s core levels measured at y = 60° and y = 20°. The
entries in bold indicate the experimental intensity ratio and the model
that best agrees with experiment

Cf)e/lzCOe l\/(I)g/Ilz\/(I)g
Sample structure Exp. Sim. Exp. Sim.
CeOy(111) 1.040 1.003 — —
Mg-CeO, — (I) 0.769 0.727 0.789 1.100
Mg-CeO, — (II) 1.180 0.994
Mg-CeO, — (III) 0.788 0.789

Finally, we briefly consider the changes of the MgO-CeO,_
film upon annealing and reoxidation. Upon annealing to 700
K, the spectral shape in the Ce 3d spectrum is not affected.
However, a slight change in the intensity ratios I?;Oe/lﬁf[)g(léoe Iﬁ/?g
) of Ce to Mgaty = 60°(y = 20°) is observed from 1.56 (1.60)
to 1.75 (1.70) after annealing. This change indicates a slight
increase of Ce®" concentration at the surface. The corres-
ponding O 1s and Mg 1s peaks shift to lower BE by 0.2 and 0.4
eV, respectively. A similar BE shift (0.3 eV) is observed for the
major valence band feature at a BE of 5.0 eV. The rigid shift
suggests that the effect is mainly due to a change of the
electrostatic potential related to diffusion of Mg ions into
deeper ceria layers.

Finally, the preannealed Mg deposit on CeQO, is exposed to
an oxygen atmosphere at 523 K, followed by annealing at
700 K. After this treatment, only features related to Ce* ™ (v —
u, v’ —u’/,and v — u'"’ components) are observed in the Ce
3d spectrum. In accord with this, we observe that in the RPE
spectra the D(Ce® ") resonant feature diminishes, whereas a
strong D(Ce* ") feature appears (see Fig. 2d). We conclude
that oxygen treatment leads to complete conversion of Ce® ™"
ions to Ce**. After reoxidation, the O 1s signal shifts to 529.6
eV, a BE value similar to that of stoichiometric CeO,. Surpris-
ingly, the Mg 1s peak also shifts to lower BE by —0.8 eV. The
resulting value of 1303.4 eV is clearly below those typically
observed for MgO.%® We attribute this change to a change in
the chemical surrounding of the Mg>" ions, suggesting that
Mg?" is incorporated into the ceria matrix.

3.2 Modelling the interaction of Mg with the (111) and (110)
surfaces of CeO,

In Fig. 4 we show the atomic structure of the bare CeO,(111)
and (110) surfaces.***® The (111) surface has 7 coordinate
surface Ce and 3 coordinate surface oxygen, with Ce-O
distances slightly shortened over the bulk oxide, at 2.36 A.In
the surface layer, the (110) surface has 6 coordinate Ce and
surface oxygen are 3 coordinate, with surface Ce—O distances
of 232 A.

The (111) surface is the most stable, as determined from
surface energies and is the most commonly exposed surface in
experimental samples. The (110) surface has the lowest com-
puted oxygen vacancy formation energy,*® making it the most
reactive.

We first consider adsorption of Mg at the (111) and (110)
ceria surfaces. Fig. 5 shows the most stable adsorption struc-
ture of Mg at the (111) and (110) ceria surfaces, determined
from DFT + U. On the (111) surface, we observe that Mg

A

N

Fig. 4 Atomic structure of the bare CeO, surfaces. (a) (111) and (b)
(110). In this and subsequent figures, Ce is coloured white and O is red.

(b)

Fig. 5 Atomic structure of Mg adsorbed at the (a) (111) and (b) (110)
surfaces of ceria. In the interest of space, only a portion of the (110)
surface around the dopant site is shown. The dopant is the grey sphere.

binds to three surface oxygen atoms. These oxygen atoms are
displaced by 0.46 A off their initial lattice sites to form Mg-O
bonds, with Mg—O distances of 1.95 A and Ce-O distances in
the range of 2.35-2.56 A. In the interaction of Mg with surface
oxygen, these oxygen are also displaced in the surface plane
(apparent from the plan view in Fig. 5a), while a symmetric
structure around the Mg adsorption site is retained, but
distorted from the original hexagonal symmetry in the bare
surface. We have checked that there are no distorted structures
lower in energy than the adsorption structure shown in Fig. 5.

Upon adsorption at the (110) surface, Mg interacts with
four surface oxygen atoms, and displaces three of them off
their initial lattice sites to form a 4 coordinate Mg species. One
oxygen atom is displaced by 1.55 A from its initial surface
lattice site, with a bond length of 1.92 A to Mg. Two further
oxygen atoms are displaced by 0.24 Aand0.15A, giving bond
lengths of 2.10 A and 2.01 A to Mg. The last oxygen is
undisturbed and has a bond length of 2.14 A to Mg. The
displacement of oxygen from the surface lattice sites perturbs
the local atomic structure around the adsorption site, with the
most displaced oxygens showing Ce—O distances up to 3.42 A

This journal is © the Owner Societies 2011
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Fig. 6 Spin density plot for Mg adsorbed at the (a) (111) and (b)
(110) surfaces of ceria. The spin density isosurfaces are orange and
include spin densities up to 0.02 electrons/A*.

and 4.2 A long, but with stronger binding to other surface Ce,
with Ce-O distances of 2.27 A and 2.04 A.

Fig. 6 shows the excess spin density for Mg adsorbed at both
surfaces, which is used to characterise the location of any
reduced Ce cations. At both surfaces, Mg adsorption leads to
oxidation of Mg to Mg?>", and formation of two reduced
Ce* ™" species, as indicated by the two Ce ions with the non-
zero spin density isosurfaces in Fig. 6, which can be written in
Kroger-Vink notation as Mg 2Ce’c.. The two Ce" ions are
found in the outermost Ce layer of each surface. This is
consistent with the results of Fig. 1b and 2b, for which the
change of the oxidation state of cerium from Ce** to Ce®* is
evident upon deposition of Mg at the (111) surface.

The experimental results suggest possible incorporation of
Mg in an “‘interstitial” site in the (111) surface, which is
denoted as Mg}*2Ce’c. and we have performed some DFT +
U calculations of Mg in interstitial sites of the (111) surface.
Fig. 7 shows the position of Mg in the two interstitial subsur-
face sites in the (111) surface. The structure in Fig. 6b is the
more stable and the spin density is shown in Fig. 6c.

In the most stable Mg interstitial site, it is interesting to
observe that during the relaxation, Mg moves towards a lattice
Ce site, that is a site in the first layer of surface Ce ions. At the
same time, this Ce atom is displaced off its lattice site, away
from the surface and is found lying in the same plane as the
outermost oxygen atoms of the surface. Thus, Mg displaces a
Ce ion from the outermost layer of Ce atoms in the (111)
surface and this structure is 0.4 eV more stable than the
structure shown in Fig. 7a. In the most stable structure, Mg is
oxidised, with reduction of two neighbouring Ce sites to Ce> " .

We now consider substitutional Mg doping of the ceria
(111) and (110) surfaces, which can be written as Mg;*2Ce’c;
the experimental data indicate incorporation of Mg in the
matrix of the CeO,(111) surface, with only Ce** present with
an accompanying oxygen deficiency. In the doping, Mg is
preferentially found in the outermost layer of Ce ions in each
surface. For the (111), surface we present results on the (2 x 2)
surface supercell with DFT + U and HSE06, providing a
useful check on the DFT + U results.

In the (111) surface, the 7-fold Ce coordination environment
is not favourable for the dopant (see also ref. 43) and Mg
distorts the local structure to obtain an environment that is
more favourable, which involves four-fold coordination to one
surface oxygen, two subsurface oxygen and a fourth (atomic)
layer oxygen. This involves displacement of Mg away from the
remaining three surface oxygen atoms. This distortion is again
evident from both DFT approaches. The distortion around

Fig. 7 The relaxed CeOy(111) surface with Mg incorporated in
subsurface interstitial sites. (a) site I, (b) site II and (c) spin density
of Mg incorporation in site II. The spin density isosurfaces are orange
and include spin densities up to 0.02 electrons/A>.

the dopant occurs quite naturally, with no symmetric, undis-
torted solution found.

In Fig. 8a and b we show the structure of Mg substituted
into the (111) surface from DFT + U and hybrid DFT,
respectively. Fig. 8¢ shows the atomic structure of Mg in the
(110) surface of CeO,; the most stable substitutional site is in
the surface layer, where a 6-fold coordinated Ce ion is
substituted with the dopant.

Table 2 shows the Mg—O distances in the doped surfaces.
We see that the Mg—O distances are notably shorter than the
Ce-O distances, which leads to local distortions to the surface
structure. On comparing the geometry data in Table 2 for the
two DFT approaches, similar structures are found after dop-
ing, which is an encouraging result.

In the (110) surface, there are also localised distortions
around the Mg lattice site—Mg-O distances, while longer than
those in rock salt Mg—-O are notably shorter compared with
the Ce—O distances. In particular, the dopant sinks into the
bulk to have rather short Mg—O distances to the oxygen in the
first subsurface layer. The geometry of the surface oxygen
atoms, while distorted by their motion towards Mg, remains
quite symmetric upon doping.

Since Mg has a +2 oxidation state, giving the defect
Mgg20g), with the well-known oxygen hole polaron found
when a lower valent dopant substituted a higher valent cation,
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Fig. 8 The relaxed CeO,(111) and (110) surfaces doped with Mg. (a)
DFT + U (111) (2 x 2) surface supercell, (b) hybrid DFT (111) (2 x 2)
surface supercell, (c) DFT + U (110) (2 x 2) surface supercell. The
compensating oxygen vacancy sites are indicated in (a) and (c) for
comparison with Table 3. The black lines show the edge of the
supercell.

Table 2 Mg-O distances in Mg doped (111) (2 x 2) surface supercell
with DFT + U and HSE and the (110) (2 x 2) surface supercell with
DFT + U

M-O0 surface M-O first subsurface =~ M-O fourth
Method layer layer layer
(111) Surface
DFT + 2.09,2.24 2.07, 2.08 2.15
U
HSE 2.11, 2.22 2.04, 2.05 2.13
(110) Surface
DFT + 221,221 2.08, 2.09

U 2.24,2.25

the lower valence of Mg can be compensated by formation of
an oxygen vacancy, without formation of Ce*" species. We
compute the energy of oxygen vacancy formation in the doped
surfaces from

E(Oyae) = {£(1/202) + EMgCeO,_,)} — EMgCe0,), (1)

where E(MgCeO»_,) is the total energy of the Mg doped CeO,
surface and an oxygen vacancy, E(MgCeQ.) is the total energy
of the Mg-doped CeO, surface and we reference to half the
energy of an O, molecule. This defect is written: Mg}, Ceg Og),
i.e. with all Ce ions with a Ce* " oxidation state. If the oxygen
vacancy formation energy is negative then an oxygen vacancy
will form spontaneously to compensate the dopant. Fig. 8
shows the sites considered for oxygen vacancy formation in
both surfaces, with the dopant indicated as the grey sphere and
the oxygen vacancy sites we have considered are numbered I
and II in the (111) surface, Fig. 8a. Fig. 8c shows the dopant
and vacancy sites, numbered I-III, for the (110) surface.

In both ceria surfaces, the energy of oxygen vacancy for-
mation shows that doping with divalent Mg is spontaneously
compensated by formation of an oxygen vacancy, indicated by
the negative oxygen vacancy formation energies in Table 3. In
addition, all Ce ions have a Ce** oxidation state. The presence
of only Ce** agrees with the results in Fig. 1(d) and 2(d) in
which Mg is incorporated with only Ce** present.

Considering briefly the energetics of oxygen vacancy for-
mation to compare DFT + U and HSE06, while both DFT
methods give different absolute energies for the oxygen va-
cancy formation energy, with HSE06 more strongly favouring
vacancy formation, the important finding is that both ap-
proaches give spontaneous formation of the oxygen vacancy
to compensate the dopant in both surfaces so that DFT + U
can be used to study the properties of these systems. Further
discussions in this vein can be found in ref. 65.

Fig. 9a and b shows the most stable oxygen vacancy
compensation structure the Mg doped (111) surface from
DFT + U and HSEO06, while Fig. 9c shows the most stable
oxygen vacancy compensation structure in the Mg doped (110)
surface. Mg being much smaller than Ce, when comparing
ionic radii, strongly distorts the structure around itself. In the
(111) surface, Mg now coordinates to two subsurface oxygen
atoms, with Mg-O distances to subsurface oxygen of 2.03 and
2.06 A and to a fourth layer oxygen, with an Mg—O distance of
2.10 A, with the dopant noticeably sinking into the surface.

In the (110) surface, Mg strongly distorts the local atomic
structure, showing two short Mg—O distances to two subsur-
face oxygen ions, with Mg—O distances of 2.01, 2.07 A Mg also
coordinates to two surface oxygens, with a distance of 2.16 A
and the remaining surface Mg—O distance is elongated to 2.28
A.

The final part of this study concerns the energetics of
formation of an active oxygen vacancy in Mg doped ceria
surfaces. This is the oxygen that would be active in, e.g. CO
oxidation via the Mars van Krevelen mechanism. A number of
oxygen sites in both doped, vacancy compensated surfaces are
indicated in Fig. 10a and b for both doped surfaces and these
oxygen are removed and the formation energy of the oxygen
vacancy is computed:

E(20y.) = {E(MgCe0Os_,) + E(1/202)} —
EMgCe0>_)}, (@)

where E(MgCeO,_,) is the total energy of the Mg-doped CeO,
surface with two oxygen vacancies, £(MgCeO,_,) is the total
energy of the Mg-doped CeO, surface with the compensating
oxygen vacancy and we reference to half the energy of an O,
molecule. These calculations are carried out with DFT + U,
since the previous results indicate the reliability of DFT + U
in the present systems. Table 4 gives the formation energy for

Table 3 Formation energies (V) of compensating oxygen vacancies
in Mg doped CeO, surfaces. The most stable vacancy sites are high-
lighted in bold font

Surface (111) DFT + U (111) HSE06 (110)

O vacancy | —0.22 —0.95 —0.70
O vacancy II —1.07 —1.80 —0.70
O vacancy 111 — — —0.70
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Fig. 9 The most stable oxygen vacancy compensated structures for
Mg doping. (a) (111) surface DFT + U, (b) (111) surface HSE06 (c)
(110) surface DFT + U.

Fig. 10 Oxygen vacancy sites considered for formation of an active
oxygen vacancy in Mg doped CeO, surfaces; (a): (111) and (b): (110).
(c) and (d) show the relaxed structures of the most stable active oxygen
vacancy site in the (111) surface and (e) and (f) show the relaxed
structure of the most stable active oxygen vacancy site in the (110)
surface.

the active oxygen vacancy and Fig. 10c—f shows the relaxed
atomic structures.

In the Mg doped (111) surface, removal of any oxygen
considered is more favourable than in the undoped surface, as
indicated by the computed formation energies (in the undoped

Table 4 Formation energies in eV of active oxygen vacancies in Mg
doped CeO,(111) and (110) surfaces from DFT + U

Surface (111) (110)
O vacancy 1 1.65 2.43
O vacancy 11 1.47 1.85
O vacancy 111 1.25 —

surface the cost of forming an oxygen vacancy is 2.66 eV'°).
This arises since Mg is able to coordinate to four oxygen
atoms in each case and appears to have no obviously preferred
coordination environment—the differences in the computed
formation energies are no more than 0.2 eV. Upon formation
of the active oxygen vacancy, Mg remains coordinated to four
oxygen ions, but there is a change in the exact coordination
environment as the dopant seeks to maintain bonding to four
oxygen atoms.

In the (110) surface, the energetics show that there is a
preference for the position of the active oxygen vacancy in the
surface, with position II in Fig. 10 being the more favourable.
This is due to Mg retaining its preferred coordination environ-
ment in the second oxygen vacancy structure, compared to the
first oxygen vacancy structure. The second oxygen vacancy
structure involves removing the surface oxygen with the long-
est Mg—O distance, which is obviously more favourable.

In both Mg-doped CeO, surfaces, the formation of the
active oxygen vacancy leads to reduction of two Ce** ions to
ce’T, giving the defect, Mggh, 2Ce’ ., typical of Ce reduction in
neutral CeO,.

4. Conclusions

In comparing the experimental and DFT results for the
interaction of Mg with the ceria (111) and (110) surfaces, we
can summarise the key findings from our study:

(1) Deposition of Mg at the (111) surface leads to oxidation
of Mg to Mg®" and formation of reduced Ce** species. The
DFT calculations give the same result.

(2) Incorporation of Mg into the (111) surface in subsurface
interstitial sites also results in formation of reduced Ce’”
species and Mg oxidation.

(3) Such Mg-doped ceria layers can experimentally be
prepared by Mg deposition onto stoichiometric CeO, films,
post-oxidation and annealing.

(4) Substitution of Mg onto a Ce site is accompanied by
removal of oxygen, but without formation of Ce* " sites. This
results from charge compensation of the lower valence Mg?™*
dopant by formation of oxygen vacancies, which, from the
calculations, is spontaneous.

(5) Formation of catalytically active oxygen vacancies is
more favourable in the Mg doped surface compared with the
undoped surface.

(6) At the (110) surface, the calculations indicate that Mg
shows the same behaviour.

These results show that the combination of model catalyst
synthesis, RPES and high level DFT simulations is a powerful
approach to understand catalytically active materials systems.
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