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We study substitutional fluorine, chlorine and bromine impurities at CeO,(111), and their effects on the
oxygen chemistry of the surface, using density functional theory. We find that impurity formation results
in a halide ion and one Ce®* ion for all three halogens, although the formation energy depends strongly
on the identity of the halogen; however, once formed, all three halogens exhibit a similar propensity to
form impurity—impurity pairs. Furthermore, while the effects of halogen impurities on oxygen vacancy
formation are marginal, they are more significant for oxygen molecule adsorption, due to electron
transfer from the Ce®* ion which results in an adsorbed superoxide molecule. We also consider the dis-
placement of a halide ion on to the surface by half of an oxygen molecule, and find that the energy
required to do so depends strongly not only on the identity of the halogen, but also on whether or not
a second halogen impurity, with its associated Ce®* ion, is present; if it is, then the process is greatly
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facilitated. Overall, our results demonstrate the existence of a rich variety of ways in which the oxygen
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1 Introduction

One of the ways in which the catalytic activity or selectivity
of a metal oxide can be modified is by the introduction of
foreign atoms, or dopants, into the material. Typically, doping
is performed with metal cations,' while much less attention
has been paid to the possibilities offered by anion doping.
Although the situation has begun to change in recent years (see,
for example, the review presented in ref. 4), understanding of
the effects of anion doping in the context of heterogeneous
catalysis remains limited.

Herein, we aim to contribute to that understanding by
studying—by means of density functional theory (DFT)
calculations—a series of halogen impurities at the surface of
CeO,. CeO,, known commonly as ceria, is a widely studied
reducible metal oxide with numerous applications in the field
of heterogeneous catalysis, where it acts both as a support for
noble metal particles, and as an oxygen buffer.>” More specifically,
our study focuses on fluorine, chlorine and bromine impurities
at the most prevalent surface facet of ceria, namely that corres-
ponding to the (111) lattice plane.
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chemistry of CeO,(111) may be modified by the presence of halogen dopants.

The relevance of fluorine impurities stems originally from a
number of reports of the unintentional fluorination of ceria.®™**
Subsequent studies on deliberately fluorinated ceria thin films
grown on Rh(111) demonstrated that fluorine incorporation
can be used to increase the concentration of Ce** ions and to
modify the valence band electronic structure.'®'? Furthermore,
fluorinated ceria nanoparticles have been shown to exhibit
enhanced catalytic activity’*'® with respect to pure ceria.
Similarly, research on chlorinated ceria was initially motivated
by the observation of unintentional chlorine incorporation
when noble metal precursor compounds containing chlorine
were used in the production of ceria based catalysts."®"” Most
studies on chlorinated ceria based catalysts have reported
poorer performance with respect to unchlorinated samples,
which has been ascribed both to the suppression of hydrogen
spill-over,"®'® and to the suppression of the oxidative capability
of the host material®*®*' due to the formation of a bulk
oxychloride phase. On the other hand, there is evidence that
the catalytic activity of ceria in the oxidative dehydrogenation of
ethane is enhanced by the formation of an oxychloride surface
phase in the presence of chlorine containing molecules.”?
Furthermore, more recent research on the possible usage of
ceria as a catalyst for the oxidation of hydrogen chloride, also
known as the Deacon reaction,?*>* has indicated that a chlori-
nated surface phase, which forms during the course of the
reaction, is the active catalytic phase, and that the pure ceria
surface is inactive.”® Ceria has also been studied as a possible
catalyst for the analogous Deacon-like reaction involving
bromine,**”” although in that case CeO, was found to be highly
susceptible to bulk bromination, which deactivates the catalyst.*®
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A comparative study has also been performed of the effects of
fluorine, chlorine and bromine doping on the performance of
ceria based catalysts for the preferential methanation of carbon
monoxide, which demonstrated significant differences between
the three halogens.®

Although motivated by them, the aim of the present study is
not to address directly the complicated systems and reactions
described above; instead, we will focus on elementary reactions
that characterise more fundamentally the properties of halogen
impurities at the (111) surface facet of ceria, and their effects on
the surface oxygen chemistry. More specifically, our study is
constructed around the comparison of fluorine, chlorine and
bromine impurities in the context of the following seven
elementary reactions.

The first of the reactions is the formation of a halogen
impurity (‘X-imp’) at the stoichiometric surface (‘Sto surf’):

Sto surf + 1/2X,(g) — Surf with X-imp + 1/20,(g), (R1)

which we analyse in terms of a decomposition scheme inspired
by the well known Born-Harber cycle for ionic crystal formation
enthalpies. We also consider the pairing of two halogen impurities
according to:

Surf with 2 isolated X-imps — Surf with 2 adjacent X-imps,
(R2)

since it is indicative of the interactions between the defects and
their resulting distributions.

We then examine the effects of halogen impurities on the
interaction of ceria with oxygen in terms of five reactions, the
first of which is the formation of an oxygen vacancy (‘O-vac’):

Surf with X-imp — Surf with X-imp and O-vac + 1/20,(g).
(R3)

We also consider the interaction between halogen impurities
and oxygen molecules, by considering oxygen molecule adsorp-
tion in the immediate vicinity of a halogen impurity:

Surf with X-imp + O,(g) — Surf with X-imp and O,(ads),
(R4)

and an alternative possibility of a halogen impurity being
displaced on to the surface by half of an oxygen molecule,
which we refer to as surface reoxidation. We find that the
energy associated with that reaction, and the chemical nature
of the reaction products, depend strongly on whether or not a
second halogen impurity is present, so that ultimately we
consider the following three related reactions:

Surf with X-imp + 1/20,(g) — Sto surf with X(ads), (R5a)

Surf with 2 X-imp + 1/20,(g) — Surf with X-imp and X(ads),
(R5Db)

Surf with X-imp and X(ads) + 1/20,(g) — Sto surf with 2 X(ads).
(R5c¢)

For ease of reference, the energies associated with the reactions
are collected in Table 2.
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2 Computational details

The DFT calculations reported herein were performed using the
projector augmented wave method (PAW),> as implemented in
the Vienna ab initio simulation package (VASP),**** version
5.3.5. The Perdew-Burke-Ernzerhof (PBE) exhange-correlation
functional®**> was used with the associated ‘standard’ PAW
potentials that are distributed with VASP, and a plane-wave
basis set for the Kohn-Sham states corresponding to a cut-off
energy of 400 eV.

It is well known that semi-local density functionals such as
PBE artificially favour delocalised electronic states over localised
ones such as those associated with Ce®*" ions, due to the
3¢ In order to mitigate those
effects, the DFT+U method was employed in the widely used,
simplified form developed by Dudarev and co-workers,*” using
the f-state projectors of the Ce PAW potentials. An (effective)
U value of 3 eV was used, which has been demonstrated to
provide more accurate reduction energies of pure ceria than the
more commonly used values of 4-6 eV, while retaining the
correct localised description of the Ce®* states.*®*™*' In addition,
we used the occupation matrix control (OMC) method***
initially to localise the excess electrons on particular cerium
sites in the vicinity of halogen impurities and oxygen vacancies.
Following structural optimisation using OMC, the resulting
structures and wave functions were used as the starting points
for fully unconstrained optimisations, and it is the final results
of that two-step procedure that are reported herein. In all
calculations, the positions of all atoms were optimised until
the net force on each was less than 0.01 eV A™".

Optimisation of the bulk lattice parameter was performed
using a conventional cubic unit cell and a 5 x 5 x 5, I'-point
centred k-point mesh, generated automatically according to the
Monkhorst-Pack scheme.** With this computational set-up,
a value of 5.488 A was obtained for the length of the cubic
unit-cell vector. The same cell and k-point mesh were used in
the calculation of the high-frequency relative permittivity
(dielectric constant), ¢, via density-functional perturbation
theory. A value for ¢, of 7.05 was obtained, which is similar
to the values of 6.55*> and 6.67*° obtained in previous theoretical
studies using similar methods. We note that all three computed
values are substantially greater than the experimentally measured
value of 5.31.%

All of the structural models for systems involving CeO,(111)
were constructed from a periodic (super)cell containing a slab
three O-Ce-O triple layers thick, and a vacuum region equiva-
lent to five O-Ce-O triple layers’ thickness, normal to the
surface plane. The periodicity within the surface plane was that
of a p(5 x 5) (111) surface supercell, except for the models that
were used in the calculation of the ionisation energy of a
surface oxygen vacancy (see Section 3.1). In those cases, corres-

so-called self-interaction error.

ponding to a neutral and singly ionised vacancy, a p(6 x 3\/5)
surface supercell was used, due to the necessity of applying a
charge correction to the total energy of the slab containing the
ionised vacancy, and the restricted applicability to orthorhombic
cells of the code that was used to calculate the correction, SLABCC.*®
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Due to the relatively large sizes of the periodic cells used in the slab
calculations, &-point sampling was restricted to the I" point.

Calculations of the total energies of neutral halogen and
oxygen molecules, and neutral and negatively charged halogen
atoms, were performed in a periodic cubic cell with a side
length of 20 A, and at the I' point only. Corrections to the total
energies of the negatively charged atoms were also calculated
using SLABCC.*®

3 Results and discussion

In Sections 3.1-3.5, the seven reactions discussed in Section 1,
(R1)-(R5c), are addressed in turn. Fig. 2-9 contain schematic
drawings of the reactions, and the reaction energies are collected
in Table 2.

When discussing structures in the remainder of the paper,
frequent reference will be made to a site being a first, second or
third nearest neighbour (1-NN, 2-NN or 3-NN, respectively)
of a surface halogen. The site referred to could be that of an
oxygen in the first or third (surface or sub-surface, respectively)
atomic layers, or a cerium in the second atomic layer.
Schematic depictions of the different possibilities are presented
in Fig. 1.

Ball-model figures of all of the relaxed, low energy con-
figurations discussed in the remainder of the paper are pro-
vided in the ESIL.{

3.1 Formation of isolated halogen impurities (reaction (R1))

We begin by examining isolated halogen impurities in the
surface (i.e. first atomic) layer of CeO,(111), which, when fully
stoichiometric, consists solely of oxide ions.

The substitution of a fluorine, chlorine or bromine atom for
a surface oxide ion results in the formation of the corresponding
halide ion (X~) and one Ce®* ion. As has been observed for other
anionic defects, such as oxygen vacancies and hydroxyl groups,*®>"
the energy of a halogen impurity depends on the separation

(b) Cerium

(a) Surface oxygen

(c) Sub-surface oxygen

Fig. 1 Schematic depictions of the immediate vicinity of a substitutional
halogen (X) in the surface layer of CeO,(111), as viewed from above.
Cerium, surface oxygen and sub-surface oxygen sites are highlighted
according to their proximity to the halogen. As indicated, first nearest
neighbours (1-NNs), second nearest neighbours (2-NNs) and third nearest
neighbours (3-NNs) of the halogen are highlighted in red, orange and
yellow, respectively.
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between the halide and Ce®" ions. Calculations of the total
energy of each of the halogen impurities with the Ce*" ion
located at lattice sites that are first, second, and third nearest
neighbours to the halide ion (1-NN, 2-NN and 3-NN, respectively;
see Fig. 1b) indicate that the Ce®" ion is located preferentially at a
1-NN site to a fluoride ion, while it is located at a 2-NN site to a
chloride or bromide ion (see Fig. S3 of the ESIT).

The formation energy of a halogen impurity, Egorm[X-imp],
corresponding to reaction (R1) (see Section 1), is calculated
here as follows:

Egorm [X-imp] = Eo([Slab with X-imp] + 1/2E[O2(g)]
(1a)
— {E[m [StO Slab] + 1/2EIOt [Xz (g)]}

In eqn (1a), EySto slab] is the total energy of a stoichiometric
Ce0,(111) slab, EySlab with X-imp] is the total energy of the
same slab following the substitution of a lattice oxygen atom
with a halogen atom, and E[O,(g)] and E.[X»(g)] are the total
energies of the associated gas phase molecules.

Eqn (1a) is general in the sense that it is applicable to the
substitution of any oxygen in the slab with a halogen, but it is
applied here to the substitution of a surface oxygen. This
process is depicted schematically in Fig. 2, along with the values
of E¢orm[X-imp] for each of the surface halogen impurities, with
the Ce®" located at the most energetically favourable site in each
case. From those values, it is clear that fluorine impurity
formation is highly exothermic, while chlorine impurity for-
mation is significantly less so, and bromine impurity formation
is endothermic.

It is not immediately obvious to what extent the differences
in the formation energies are due to differences in the elementary
properties of the halogens, or due to differences in their inter-
action with the ceria surface. To attempt to answer this question,
we assume approximate equality between the energy and the
enthalpy, and invoke Hess’ law—which states that the change in
enthalpy of a reaction is equal to the sum of the changes in

15X,(0) 20,(9)
| | — | |
—
Eform[x'imp]

F 1 -1.86 I
Cl 1 -0.15
Br- 0.16
250 -2.00 -1.50 -1.00 -0.50 0.00 0.50

Energy (eV)

Fig. 2 Formation of a surface halogen impurity. Top row: Schematic
depictions of the initial and final states considered in the calculation of
EtormIX-imp], as defined in eqn (1a). An asterisk indicates the presence of a
Ce*" ion. See Fig. Sla and Fig. S3 of the ESI for ball models of the
optimised structures of the initial and final states. Bottom row: Bar chart of
the values of E¢o,m[X-imp] for the three halogens.
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enthalpy of an (arbitrary) series of sub-reactions with the same
initial and final states—to decompose Eom[X-imp] as follows:

Eform [X'lmp] = Epm [O'Vac}
———

Sto—O-vac+1/20,(g)

+1/2 Evona[Xa(g)] + EralX(g)]
—————— ————

X2(g)—2X(g)

+ E[E [O-vac]
N —

O-vac—O-vact+e~

(1b)
X(g)+e —X"(g)
+ Einsert [X7 (g)] .

—_———

X~ (g)+0-vact —X-imp

As indicated by the reactions written below the horizontal braces
in eqn (1b), Egym[O-vac] and Erg[O-vac] are the formation energy
and ionisation energy (also known as the ionisation potential)
respectively, of a neutral oxygen vacancy defect (i.e. a missing O*~
ion, with two accompanying Ce®* ions) in the otherwise stoichio-
metric ceria slab; Ep,onq[X»(g)] is the bond dissociation energy of a
gas-phase halogen dimer, and Eg,[X(g)] is the electron attachment
energy of a gas-phase halogen atom. The final term, Eipser]X (2)],
is what we call the ‘insertion energy’; as its name suggests, it is the
change in energy upon insertion of the halide ion from the
vacuum into the ionised oxygen vacancy (i.e. a missing O>~ ion,
with one accompanying Ce®" ion).

The decomposition scheme defined in eqn (1b), as applied
to the formation of a surface halogen impurity, is shown
schematically in Fig. 3. It consists of the energies of two sub-
reactions involving ceria alone (E¢om[O-vac] and Eg[O-vac]), two
involving the halogens alone (Epona[X2(2)] and Ega[X(g)]), and a

YoEpond[X2(9)]
¥20,(9) | = | X(9)

Y2X5(9) ¥20,(9)

L |* E

T E g[O-vac]
¥20,(9)

EclX(@)] l
¥0,(9)

¥2X5(9) X(9)

x| [* L %

T Eform [O-vac]

Y2X5(9)

Epeen X (@)] l
¥0,(9)

[ X" [*

—
Eform[x'imp]

Fig. 3 Schematic depictions of the elementary reaction steps comprising
the decomposition scheme defined in egn (1b). An asterisk indicates the
presence of a Ce®" ion. See text surrounding eqgn (1a) and 1(b) for further
details and definitions, and Table 1 for values of the various energies for
each halogen species.
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final sub-reaction which quantifies the interaction between the
two (Einserd X (g)])- We note the similarity of the decomposition
scheme to the well known Born-Haber cycle, and in particular,
the analogy between the lattice energy in the Born-Haber cycle
and Einsert[x_(g)]‘

The first term on the right-hand side of eqn (1b), Egorm[O-vac], is
the oxygen vacancy formation energy. For an oxygen vacancy in the
surface layer of the otherwise stoichiometric slab, with two
Ce*" ions at 2-NN sites (see Fig. S2a of the ESIt), the value of
Eform[O-vac] is 2.38 eV, using our computational set up. This is
slightly higher than the energy required to form a vacancy in
the sub-surface layer (2.27 eV; see Section 3.3) but the for-
mation energy of the surface vacancy is used for consistency
with the location of the halogen impurity.

The second term, Eyg[O-vac], is the oxygen vacancy ionisation
energy. This was calculated by first removing one electron from
the relaxed structure of the (overall) neutral surface oxygen
vacancy, computing the total energy with the structure held
fixed and applying a charge correction according to the scheme
of Komsa and Pasquarello.*®*** Following that procedure, we
obtain a vertical ionisation energy of 1.04 eV. Relaxation of the
ionised structure led to a reduction in the total energy of
0.44 eV, resulting in a final value for Ez[O-vac] of 0.61 eV.

Table 1 contains the values of the terms in eqn (1b) that
directly involve the halogens. Comparing fluorine and bromine,
the values of the electron attachment energy and the bond
dissociation energy of the two elements differ only slightly, yet
it costs 2.02 eV more to create a bromine impurity than a
fluorine impurity in the surface layer of CeO,(111), indicating
that the major contribution to the large difference in formation
energy is the difference in insertion energy. We ascribe this
large difference primarily to the difference in the radii of the
fluoride and bromide ions; according to the data presented in
the work of Shannon,” the (6 co-ordinated) crystal ionic radius
of a bromide ion is 182 pm, which is much larger than the
corresponding value of 119 pm for a fluoride ion, which itself is
only slightly smaller than the value of 126 pm of the oxide ion
that it replaces in the lattice. The large difference between the
ionic radii (almost 50% of the radius of the oxide ion) is also
reflected in the fact that, while the small fluoride ion is well
embedded into the surface, the bromide ion protrudes from it
quite significantly (see Fig. S3 of the ESIt); quantitatively, the
fluoride protrudes from the oxygen sub-lattice by only 26 pm
while the bromide protrudes by 124 pm.

Table 1 Calculated reaction energies related to the formation of surface
halogen impurities. The values of Ej,se[X™(g)] are derived from those of
EtormIX-impl, EponalX2(g)] and EgalX(g)], along with E¢o,mlO-vac] = +2.38 eV
and Eg[O-vac] = +0.61 eV, via eqgn (1b). See eqn (la) and 1(b) and
surrounding text for further details, and Fig. 3 for schematic depictions
of the reaction steps

Reaction energy (eV) Fluorine Chlorine Bromine
Eform[X-imp] —1.86 -0.15 +0.16
1/2Epond[Xa(g)] +1.14 +1.43 +1.24
Epa[X(2)] —3.70 —3.59 —3.42
Einserd X (2)] —2.29 —0.98 —0.65

This journal is © the Owner Societies 2021
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The formation energy of a surface chlorine impurity is
0.31 eV smaller than that of a surface bromine impurity. In this
case, the chlorine molecule’s larger bond dissociation energy is
counterbalanced by the more negative electron attachment
energy of the chlorine atom, so that the difference in formation
energy is almost exactly equal to the difference in insertion
energy, consistent with the chloride’s smaller ionic radius of
167 pm. Like the bromide ion, the chloride ion protrudes
significantly from the surface (by 102 pm), albeit less so than
the bromide ion, consistent with the smaller radius of the
chloride ion (see Fig. S3 of the ESIT).

We conclude this section by comparing the energies calculated
for this work using DFT with their experimentally measured
counterparts where available; namely, the halogen atomic electron
attachment energies and the halogen and oxygen molecular dis-
sociation energies. For the atomic electron attachment energies,
the calculated values agree quite well with their experimental
counterparts: to within 2% for chlorine and bromine and within
10% for fluorine.>® The error in the calculated molecular dissocia-
tion energies is larger, such that in all cases (F, Cl, Br, O) the
experimental binding energy is only 70-80% of the corresponding
calculated value.”®> However, these systematic errors in the
calculated values with respect to the experimental references
do not alter our main conclusion regarding the major role of
the insertion energy in determining the halogen impurity
formation energy.

3.2 Pairing of halogen impurities (reaction (R2))

We next consider the interaction between two halogen impurities
of the same species, in terms of the formation of an impurity pair
(reaction (R2); see Section 1) from two isolated impurities. The
corresponding ‘pairing energy’, Epi[X-imp], is defined as:

Epair[X-imp] = Ey[Slab with 2 X-imp] 4 E;[Sto slab]

— 2E;o[Slab with X-imp].

In eqn (2), E{Sto slab] is the total energy of a stoichiometric
Ce0,(111) slab, and E,[Slab with X-imp] and E,[Slab with 2
X-imp] are the total energies of the same slab with one or two
lattice oxygen atoms, respectively, replaced with halogen atoms.
The initial and final states of the pairing process for surface
halogen impurities are illustrated schematically in Fig. 4. The
dependence of Ep,;[X-imp] on the proximity of the two con-
stituent surface halide ions was investigated by considering the
cases in which the halide ions are at first, second and third
nearest neighbour anionic lattice sites (1-NN, 2-NN and 3-NN;
see Fig. 1a) to each other. Furthermore, for each separation of
the halide ions, we also explored the dependence of E,;,[X-imp]
on the locations of the charge compensating Ce*" ions in the
second atomic layer, since such effects have been found to be
significant for aggregates of other commonly considered anio-
nic defects, namely oxygen vacancies and hydroxyl groups.’**®
Given the large number of possible locations for the Ce** ions in
the vicinity of the two halide ions for each separation of the
latter, the configurations that we considered were restricted to
those in which the Ce*" ions were at most 2-NN from at least one

This journal is © the Owner Societies 2021
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| =1 | |

+

[XZ[* X [* X [%*
| | —
Epair[x'imp]
Fi -0.09
Cl -0.09
Br1 -0.08
250 -2.00 -1.50 -1.00 -0.50 0.00 0.50

Energy (eV)

Fig. 4 Pairing of two surface halogen impurities. Top two rows: Schematic
depictions of the initial and final states considered in the calculation of
EpairlX-impl, as defined in eqn (2). An asterisk indicates the presence of a
Ce3*ion. See Fig. Sla, $3 and S4 of the ESIt for ball models of the optimised
structures of the initial and final states. Bottom row: Bar chart of the values
of Epair[X-imp] for the three halogens.

of the two halide ions. Moreover, we first considered charged
systems of 1-NN, 2-NN and 3-NN halide pairs with a single Ce**
ion, adding the second Ce** ion only after locating the lowest
energy position for the first, and fixing its location at that site.

In the case of fluorine, the lowest energy arrangement is one
in which the two F~ ions occupy 1-NN surface anionic sites,
with one Ce*" between them and the other next to one of the F~
ions (see Fig. S4 of the ESIT). Associated with this structure is a
relatively small, but non-negligible, value of Ep.;{X-imp] of
—0.09 eV. We note that the lowest energy arrangement found
here confirms the result reported in previous publications,>”~>°
which was based on a less extensive search for the lowest energy
locations of the halide pair and the Ce** ions.

In contrast, in the lowest energy arrangements for chlorine
and bromine impurity pairs, the two halide ions occupy 2-NN
sites with respect to one another, with one Ce*" between the
two halides and the other at a 2-NN site with respect to one of
the halides (see Fig. S4 of the ESIf). Interestingly, the pairing
energies for chlorine and bromine impurities are very similar to
that for fluorine impurities, namely —0.09 eV for chlorine and
—0.08 eV for bromine, despite the lowest energy arrangement
being different.

3.3 Formation of an oxygen vacancy in the vicinity of a
halogen impurity (reaction (R3))

Oxygen vacancies play a central role in most applications of
ceria, and hence we begin our consideration of the effects of
halogen impurities on the oxygen chemistry of CeO,(111) by
computing the formation energy of an oxygen vacancy in the

Phys. Chem. Chem. Phys., 2021, 23,19375-19385 | 19379
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vicinity of a halogen impurity (reaction (R3); see Section 1),
Eform[O-vac near X-imp], which is defined as follows:

Eform[O-vac near X-imp] = Ei[Slab with X-imp and O-vac]
+ 1/2E[0:(g)]

— Eiot[Slab with X-imp].
)

In eqn (3), EwfSlab with X-imp] is the total energy of a
CeO,(111) slab containing a halogen impurity, E[Slab with
X-imp and O-vac] is the total energy of the same slab following
the removal of a lattice oxygen atom, and E[O,(g)] is the total
energy of a gas phase oxygen molecule.

As has been well established in numerous theoretical studies
(see e.g. ref. 60 and 61 and further references therein), the lowest
energy configuration for an oxygen vacancy in the near surface
region of otherwise stoichiometric CeO,(111) is that in which
the missing oxide ion resides in the sub-surface oxygen layer,
with the two charge compensating Ce®" ions at 2-NN sites (see
Fig. S1b of the ESI{). Therefore, we compute Eg,.,[O-vac near
X-imp] for a surface halogen impurity with the oxygen vacancy
in the sub-surface layer, as depicted schematically in Fig. 5, and
compare it with the energy required to form a sub-surface
oxygen vacancy at the stoichiometric surface.

The value of Eg,m[O-vac near X-imp] was computed with the
missing sub-surface oxide ion at first, second and third nearest
neighbour (1-NN, 2-NN and 3-NN respectively) lattice sites to
the surface halide ion (see Fig. 1c). Similarly to the halogen
impurity pairing energy, Ep.i;{X-imp], discussed in Section 3.2,
the value of Egym[O-vac at X-imp] depends not only on the
separation between the halide ion and the missing oxide ion,
but also on the locations of the three charge compensating Ce**
ions. In order to determine the lowest energy distribution of the
Ce*" ions for each separation of the halide ion and missing
oxide ion, we followed an approach analogous to that used in
Section 3.2. However, since three Ce*" ions are associated with

¥20,(9)
X[ % * [ X“[* *
Etomm[O-vac near X-imp]
F/ i |2.15
ClH 2.13
Br 2.11
050 0.00 0.50 1.00 1.50 2.00 2.50

Energy (eV)

Fig. 5 Oxygen vacancy formation in the vicinity of a halogen impurity.
Top row: Schematic depictions of the initial and final states considered in
the calculation of EmlO-vac near X-impl, as defined in egn (3). An
asterisk indicates the presence of a Ce®* ion. See Fig. $3 and S5 of the
ESIf for ball models of the optimised structures of the initial and final
states. Bottom row: Bar chart of the values of E¢,,m[O-vac near X-imp] for
the three halogens.
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the impurity-vacancy defect pair (i.e., one more than the two
Ce** ions associated with the impurity-impurity pair), the
calculations were performed in three stages: first, the lowest
energy location of a single Ce*" for each separation of the
surface halide ion and missing sub-surface oxide ion was
determined, subject to the restriction that the sites considered
were at most 2-NN to either the halide or the missing oxide. A
second Ce®*" ion was then introduced, and the same procedure
was followed with the location of the first Ce®" fixed in the
lowest energy position determined in the preceding stage.
Finally, the third Ce®" ion was introduced, and the lowest
energy location was determined with the first and second
Ce*" ion fixed at the locations determined in the earlier stages.

We compare the values of Eg,,[O-vac near X-imp| with the
formation energy of a sub-surface oxygen vacancy at the other-
wise stoichiometric surface, which is calculated to be 2.27 eV
with the computational set-up used here. For all three halogen
impurities, the formation energy of an oxygen vacancy at a 1-NN
site to the halide is greater than at the stoichiometric surface,
with the values of Eg,,,,[O-vac near X-imp] being 2.41 eV, 2.58 eV
and 2.64 eV for fluorine, chlorine and bromine respectively,
which follow the order of the ionic radii. However, we find that
the lowest energy structures, in which the missing oxide ion is
at a 3-NN site with respect to the halide ion (see Fig. S5 of the
ESIT), lead to values of Egy,[O-vac near X-imp] that are slightly
reduced with respect to the stoichiometric surface. We note
that the formation energies of 2.15 eV, 2.13 eV and 2.11 eV for
fluorine, chlorine and bromine follow the inverse ordering of
the ionic radii at this separation, although the differences are
arguably negligible.

3.4 Adsorption of an oxygen molecule in the vicinity of a
halogen impurity (reaction (R4))

We next consider the effects of surface halogen impurities on
the adsorption of an oxygen molecule (reaction (R4); see Section
1). The adsorption energy of an oxygen molecule in the vicinity
of a halogen impurity, E,qs[O, near X-imp], is calculated as
follows:

E,4s[O2 near X-imp|] = Ei[Slab with X-imp and O, (ads)]

— {Ew[Slab with X-imp] + Eio([02(g)]}-
(4)

In eqn (4), Ey[Slab with X-imp] is the total energy of a
Ce0,(111) slab containing a halogen impurity, E.[Slab with
X-imp and O,(ads)] is the total energy of the same slab with an
oxygen molecule adsorbed on it, and E[O,(g)] is the total
energy of a gas phase oxygen molecule.

When considering oxygen adsorption in the vicinity of a
halogen impurity, the pure ceria system to which we should
compare is not entirely obvious. An oxygen molecule adsorbed
on the stoichiometric CeO,(111) surface is one natural choice. On
the other hand, a halogen impurity has one Ce** ion associated
with it, and therefore comparison with an oxygen molecule
adsorbed in the vicinity of an oxygen vacancy (which has two
Ce*" ions associated with it) is also relevant.
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Fig. 6 O, molecule adsorption in the vicinity of a halogen impurity. Top
row: Schematic depictions of the initial and final states considered in the
calculation of E,4slO, near X-imp], as defined in egn (4). An asterisk
indicates the presence of a Ce®* ion. See Fig. S3 and S6 of the ESIt for
ball models of the optimised structures of the initial and final states. Bottom
row: Bar chart of the values of E,4s[O, near X-imp] for the three halogens.

As has been observed in previous studies,*®®> an oxygen

molecule physisorbs very weakly on the stoichiometric CeO,(111)
surface, ‘hovering’ above a Ce*" ion in a tilted configuration (see
Fig. Sic of the ESIf), with an adsorption energy of just —0.03 eV.
The O-O bond length of the adsorbed molecule is 1.23 A, and the
value of the spin density integrated over the two oxygen atoms is
1.6; both values are identical to those calculated in this work of a
neutral O, molecule in the gas phase. In contrast, as is depicted
schematically in Fig. 6, we find that the molecule is chemisorbed
as a superoxide (O, ") in the vicinity of a surface halogen impurity,
due to charge transfer from the Ce®" ion to the oxygen molecule.
The O,  molecule also lies closer to the Ce ion on which it is
adsorbed, and in a characteristically flatter configuration (see
Fig. S5 of the ESI), than does the neutral O, molecule above a
Ce ion on the stoichiometric surface. Indeed, the adsorption
configuration is similar to that reported in a number of theoretical
studies on oxygen molecule adsorption in the vicinity of an oxygen
vacancy at CeO,(111),°%* and in our own calculations (see Fig. S2b
of the ESIt); note that we are not (yet) considering the possibility of
the molecule entering the vacancy, a scenario that is addressed in
Section 3.5. Having considered adsorption above a 1-NN, 2-NN and
3-NN cerium site of the surface halide ion (see Fig. 1b), we find
that the energetically most favourable adsorption site for an O, in
the vicinity of each halide corresponds to the energetically most
favourable location of the Ce** ion before adsorption of the
molecule (ie. the molecule is adsorbed on a 1-NN Ce of the
fluoride ion, but on a 2-NN Ce of the chloride and bromide ions,
as shown in Fig. S6 of the ESIt). The values of E,4O, near X-imp]
of —0.28 eV, —0.25 eV and —0.24 eV for the fluorine, chlorine
and bromine impurities respectively, are also similar to the
adsorption energy of a molecule in the vicinity of a vacancy,
which is —0.34 eV using our computational set up.

Although the configuration of the adsorbed O,  molecule is
very similar for all three halogen impurities, and the surface
oxygen vacancy, there are some small quantitative differences.
Firstly, while the 0-O bond length is 1.31 A for an O, adsorbed
in the vicinity of a fluorine impurity or a vacancy, it is slightly
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smaller for an O, adsorbed in the vicinity of a chlorine or
bromine impurity, at 1.30 A. Secondly, the (integrated) spin
density distribution is slightly different, with 1.0 on the molecule
in the vicinity of a fluorine impurity or a vacancy, and 1.1 in the
vicinity of a chlorine or bromine impurity; furthermore the value
on the Ce ion on which the molecule is adsorbed is —0.29 in the
vicinity of a fluorine impurity or a vacancy, but —0.37 in the vicinity
of a chlorine or bromine impurity. Although the differences
described above are small, and possibly the result of numerical
inaccuracy in the calculations, they are consistent with the results
of electron paramagnetic resonance (EPR) experiments that have
been carried out on pure and chlorinated ceria samples exposed to
molecular oxygen at 77 K.** In those experiments, it was found that
(i) exposing both types of sample to molecular oxygen resulted in
the formation of O, species, but features were observed in the
spectra of the chlorinated samples that were not observed in the
spectra of the pure samples, and (ii) the spectral features that were
unique to the chlorinated samples were less stable with respect to
temperature. Those findings are consistent with our observations
that (i) the spin density distribution associated with an O,
adsorbed in the vicinity of a chlorine impurity is different from
that associated with an O, adsorbed in the vicinity of a vacancy,
and (ii) the adsorption energy of an O, in the vicinity of a chlorine
impurity is lower than that of an O, adsorbed in the vicinity of an
oxygen vacancy.

To conclude this section, we note that a second halogen
impurity located in close proximity to the first (in one of the
impurity pairs described above, for example) could, in principle,
provide a second electron to the adsorbed superoxide molecule
(via transfer from the Ce® ion associated with the second
impurity), reducing it further to a peroxide (0,>”) molecule.
However, it was found previously to be energetically unfavourable
for an adsorbed peroxide to form in the vicinity of a fluorine
impurity pair.”® Given the similar effects of isolated fluorine,
chlorine and bromine impurities on O, adsorption, we expect
that an adsorbed peroxide would also be unstable in the presence
of chlorine and bromine impurity pairs, and do not consider the
possibility further.

3.5 Reoxidation of halogen impurities (reactions (R5a)-(R5c))

The similarities between oxygen adsorption in the vicinity of a
surface halogen impurity, and oxygen adsorption in the vicinity
of a surface oxygen vacancy, discussed in Section 3.4, suggest
an additional, alternative mode of interaction between halogen
impurities and molecular oxygen. It is well established that it is
energetically favourable for an O, molecule to enter a surface
vacancy—that is, to be absorbed into the surface, as opposed to
being adsorbed on to it—and for electron transfer to take place
from the two Ce®" ions to the O, to produce a peroxide molecule
(0,>7) embedded in the surface (see Fig. S2c of the ESI+),>%°3657¢7
Furthermore, it is then energetically favourable for the peroxide
molecule to dissociate and one half to return to the gas phase as
half of an oxygen molecule.”® The end result of this sequence is
that the vacancy is healed by half of a gas phase oxygen molecule,
with a change in energy equal to the negative of the oxygen
vacancy formation energy, i.e. —Egom[O-vac].
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Fig. 7 Reoxidation of an isolated surface halogen impurity. Top row:
Schematic depictions of the initial and final states considered in the
calculation of E,eox[X-imp], as defined in egn (5a). An asterisk indicates
the presence of a Ce>* ion, and § illustrates the partial charge transfer
between the ceria slab and the adsorbed halogen, the magnitude of which
depends on the halogen species. See Fig. S3 and S7 of the ESIf for ball
models of the optimised structures of the initial and final states. Bottom
row: Bar chart of the values of E,eox[X-imp] for the three halogens.

The analogous healing process for a halogen impurity is the
reverse of the formation process discussed in detail in Section
3.1, and depicted schematically in Fig. 2. Here, we consider an
additional possibility, namely the process shown in Fig. 7,
which results in an intermediate state in which the surface
halide ion has been replaced with half of an oxygen molecule,
but the halogen remains on the surface instead of desorbing in
the form of half of a halogen molecule (i.e. reaction (R5a); see
Section 1). We refer to this process as ‘reoxidation’ of the
impurity, with an associated change in energy E..,JX-imp] that
is calculated as follows:

Ereox[X-imp] = E([Sto slab with X(ads)]

— {Eyot[Slab with X-imp] + 1/2E,,[O2(g)]}.
(5a)

In eqn (5a), E[Slab with X-imp] is the total energy of a
CeO,(111) slab containing a halogen impurity, E..[Sto slab
with X(ads)] is the total energy of the same slab following the
displacement of the substitutional halide ion on to the surface
and the resulting oxygen vacancy being filled by an oxygen
atom, and E[O,(g)] is the total energy of a gas phase oxygen
molecule.

The resulting state—that is, the stoichiometric ceria surface
with an adsorbed halogen—has been considered previously in
the literature for fluorine®® and for chlorine and bromine®® (we
note that the state was considered as resulting from the direct
adsorption of a chlorine or bromine atom on the stoichiometric
surface in ref. 68, rather than the reoxidation process consid-
ered here and in ref. 58). As was done in ref. 68, we considered
two possible adsorption modes, one in which the halogen is
adsorbed on a Ce ion (‘X-Ce’), and the other in which it is
adsorbed on top of an oxide ion (‘X-O’) with which it forms a
covalent bond. In line with the results of ref. 68 for chlorine and
bromine, we find that the X-Ce structure (see Fig. S7 of the ESI¥)

19382 | Phys. Chem. Chem. Phys., 2021, 23,19375-19385

View Article Online

PCCP
¥20,(9)
-
X [*]| X [* | [X7]
Rl |
Efsox[X-imp pair]

FA -0.82
cl
Br -0.55
250 -2.00 -1.50 -1.00 -0.50 0.00 0.50

Energy (eV)

Fig. 8 First reoxidation of a surface halogen impurity pair. Top row:

Schematic depictions of the initial and final states considered in the

calculation of EXS8,[X-imp pairl, as defined in eqn (5b). An asterisk indicates

the presence of a Ce®* ion. See Fig. 54 and S8 of the ESI+ for ball models of

the optimised structures of the initial and final states. Bottom row: Bar

chart of the values of E};gx[x—imp pair] for the three halogens.

is more stable than the X-O one, for all three of the halogens
under consideration; however, the values of E,.[X-imp] of
0.65 eV, 0.38 eV and 0.12 €V for fluorine, chlorine and bromine
respectively, indicate that such a structure is less stable than the
initial one in which the halide ion is embedded in the surface.

Comparing the reoxidation process with the healing of an
oxygen vacancy at the otherwise stoichiometric surface, there is
an important difference between an oxygen vacancy and a
halogen impurity, namely that the former defect has two Ce®*
associated with it, while the latter has only one. This impedes
the full reduction of the oxygen atom that displaces the halide
ion on to the surface. However, it has been shown for the case
of fluorine that the competition can be alleviated by the
presence of a second halogen impurity, and its associated
Ce*",°8 to the extent that the reaction is exothermic. Thus, we
consider here the energy change, Erss,[X-imp pair], associated
with the process depicted schematically in Fig. 8, ie. the
displacement on to the surface of one halide ion which is
initially part of a halogen impurity pair (i.e. reaction (R5b); see
Section 1):

Elst

reox

[X-imp pair] = Ei[Slab with X-imp and X(ads)]
— {Eto[Slab with 2 X-imp]

+ 1/2E[0a2(g)]}-

(5b)

In eqn (5b), E.Slab with 2 X-imp] is the total energy of
a CeO,(111) slab containing a pair of halogen impurities,
EySlab with X-imp and X(ads)] is the total energy of the same
slab following the displacement of one of the substitutional
halide ions on the surface and the resulting oxygen vacancy
being filled by an oxygen atom, and E.[O,(g)] is the total
energy of a gas phase oxygen molecule.

We calculated values of Ejee[X-imp pair] for the resulting
X-Ce species discussed above at 1-NN, 2-NN and 3-NN sites of
the impurity remaining in the surface (see Fig. 1b), and as
expected, a fully reduced surface oxide ion was formed in all
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Fig. 9 Second reoxidation of a surface halogen impurity pair. Top row:

Schematic depictions of the initial and final states considered in the

calculation of £27¢ [X-imp pair], as defined in eqn (5¢). An asterisk indicates

the presence of a Ce*" ion, and d; and J, illustrate the partial charge
transfer between the ceria slab and the adsorbed halogens, the magnitudes
of which depend on the halogen species. See Fig. S8 and S9 of the ESI+ for
ball models of the optimised structures of the initial and final states. Bottom
row: Bar chart of the values of £27%[X-imp pair] for the three halogens.

cases. It was found that the lowest energy arrangement for
fluorine was that in which the X-Ce is located at a 1-NN site, but
for chlorine and bromine it was energetically favourable for the
X-Ce to be located at a 2-NN site (see Fig. S8 of the ESIt). The
values of Epeox[X-imp pair] corresponding to those structures
are —0.82 eV for fluorine, —0.53 €V for chlorine and —0.55 eV
for bromine.

Finally, we consider the process shown schematically in
Fig. 9, in which the second halogen impurity is also displaced
on to the surface (i.e. reaction (R5c); see Section 1), with an
associated energy change, EfQo‘f([X-imp pair], defined as follows:

E>4 [X-imp pair] = Eo[Sto slab with 2 X(ads)]

reox

— {Etot[Slab with X-imp and X(ads)]

+ 1/2E0[Oa2(g)]}-
(5¢)

In eqn (5¢), EiofSlab with X-imp and X(ads)] is the total energy
of a Ce0,(111) slab containing a halogen impurity, and with an
adsorbed halogen atom, E..[Sto slab with 2 X(ads)] is the total
energy of the same slab following the displacement of the
substitutional halide ion on the surface and the resulting oxygen
vacancy being filled by an oxygen atom, and E,[O,(g)] is the total
energy of a gas phase oxygen molecule.

For the possible structures resulting from this process, we
considered those studied in detail for two adsorbed chlorine
and bromine atoms in ref. 68, which are combinations of the
X-0O and X-Ce species described above. In ref. 68, only the
structures in which the X-O and X-Ce are 1-NN to each other
was considered, but here we also consider 2-NN and 3-NN
separations (see Fig. 1b, understanding the location of the halogen
as being on top of a surface oxygen, instead of substituting for it).
For chlorine and bromine, we find that X-O and X-Ce being 2-NNs
to each other is the lowest energy arrangement. Interestingly, we
also find that, starting from the structure in which the F-O and
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F-Ce are 2-NNs, the F-O species dissociates spontaneously
during the structural relaxation. The optimised structure com-
prises two F-Ce’s that are 2-NNs to each other, with a peroxide
molecule, formed of a surface and sub-surface oxygen ion, in
between them (see Fig. S9 of the ESIT). We also calculated the
energies of the equivalent structures for chlorine and bromine,
and a structure with two F-Ce’s as 1-NNs with a peroxide
molecule between them, but found that the energy was greater
than for the structures described above in all cases. In any case,
we find that the structures in which both halide ions are
displaced on to the surface are higher in energy than those in
which one of the halogens remains in the surface (i.e. as an
impurity) for all three halogens, with values of EZm[X-imp pair]
of 0.89 eV, 0.54 eV and 0.26 eV for fluorine, chlorine and
bromine respectively.

4 Conclusion

We have presented the results of an investigation into the
properties of substitutional fluorine, chlorine and bromine
impurities, and some elementary reactions which indicate their
effects on the oxygen chemistry of CeO,(111). Particular care was
taken to determine the lowest energy structure in each reaction,
with respect to the separations of the constituent chemical species.
The resulting lowest energies associated with the elementary
reactions (R1)-(R5c) listed in Section 1 are collected in Table 2.
In summary, our main results are as follows:

(1) The substitution of a halogen for a lattice oxygen in the
surface layer results in the formation of a halide ion and the
reduction of one Ce*" ion to Ce**, but the formation energy
depends strongly on the identity of the halogen. In order to
rationalise the differences in formation energies, a simple
decomposition scheme was devised and applied, inspired by
the well known Born-Haber cycle for ionic crystals. The decom-
position scheme enabled the identification of the largest con-
tribution to the differences between the halogens, namely the
energy required to insert a halide ion from the gas phase into
an ionised surface vacancy (Table 1), which we ascribe in turn
to the differences in the radii of the three halide ions.

Table 2 Changes in the energy for the seven elementary reactions
considered herein. 'Eqn’ refers to the equation number that defines the
reaction energy in question, and ‘Fig." to the figure number in which
schematics of the initial and final states of the process are shown

Reaction energy (eV) Eqn Fig. Fluorine Chlorine Bromine
Egorm[X-imp] (1a) 2 —1.86 —0.15 +0.16
Epai X-imp] (20 4 —0.09 —0.09 —0.08
Eform[O-vac near X-imp|®* (3) 5 +2.15 +2.13 +2.11
E,44[O, near X—imp]b 4 6 —0.28 —0.25 —0.24
EyeoX-imp] (5a) 7 +0.65 +0.38 +0.12
ELS[X-imp pair] (5b) 8 —0.82 —0.53 —-0.55
E2A[X-imp pair] (5¢) 9 +0.89 +0.54 +0.26

“ Cf. the formation energy of a sub-surface oxygen vacancy at the
otherwise stoichiometric surface, +2.27 eV. ? Cf. the adsorption energy
of an oxygen molecule on the stoichiometric surface, —0.03 eV, and in
the vicinity of a surface oxygen vacancy, —0.34 eV.
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(2) The formation of pairs of surface halogen impurities
from isolated impurities is slightly energetically favourable for
all three halogens.

(3) The formation energy of a (sub-surface) oxygen vacancy
in the vicinity of a halogen impurity is slightly reduced with
respect to the formation energy of an oxygen vacancy at the
stoichiometric surface. In particular, the effect is significantly
smaller than for e.g. transition metal cation dopants, where
low-lying empty d orbitals are available to accept the excess
electrons that are produced upon oxygen vacancy formation.

(4) The adsorption of an oxygen molecule from the gas phase
in the vicinity of a surface halogen impurity involves electron
transfer from the Ce®* ion of the impurity defect to the
molecule, thereby forming an adsorbed superoxide molecule.
The adsorption energy is significantly larger than that associated
with the adsorption of a neutral oxygen molecule on stoichiometric
CeO,(111), for all three halogens, but it is similar to the adsorption
energy in the vicinity of a (surface) oxygen vacancy.

(5) The displacement on to the surface of a substitutional
halide ion, and the filling of the resulting vacancy by half an oxygen
molecule—a process to which we refer here as reoxidation—depends
strongly on whether or not there is a second halogen impurity
present in the vicinity of the displaced ion. In short, if there is a
second halogen impurity present, then the process is energetically
favourable, otherwise it is not. This is due to the requirement of a
second Ce*" to reduce fully the oxygen atom that replaces the
halide ion in the lattice. The magnitude of the change in energy
also depends significantly on the identity of the halogen.
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