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ABSTRACT
Combining experimental spectroscopy and hybrid density functional theory calculations, we show that the incorporation of fluoride ions into
a prototypical reducible oxide surface, namely, ceria(111), can induce a variety of nontrivial changes to the local electronic structure, beyond
the expected increase in the number of Ce3+ ions. Our resonant photoemission spectroscopy results reveal new states above, within, and below
the valence band, which are unique to the presence of fluoride ions at the surface. With the help of hybrid density functional calculations, we
show that the different states arise from fluoride ions in different atomic layers in the near surface region. In particular, we identify a structure
in which a fluoride ion substitutes for an oxygen ion at the surface, with a second fluoride ion on top of a surface Ce4+ ion giving rise to F 2p
states which overlap the top of the O 2p band. The nature of this adsorbate F−–Ce4+ resonant enhancement feature suggests that this bond is
at least partially covalent. Our results demonstrate the versatility of anion doping as a potential means of tuning the valence band electronic
structure of ceria.
Published under license by AIP Publishing. https://doi.org/10.1063/1.5109955., s

I. INTRODUCTION

Cation dopants are commonly used to tailor the (heteroge-
neous) catalytic activity and selectivity of reducible oxides, via the
concerted changes to the electronic structure, morphology, and
metal–support interactions that they induce.1–3 In contrast, anions
(such as pnictides or halides) are seldom considered as dopants,
even though anion-mediated reactivity is known to be common

in other types of catalytic reactions, such as those in homoge-
neous organometallic catalysis.4,5 We believe that this is due, at
least in part, to a lack of understanding of the effects of such
dopants on the physicochemical properties of reducible oxides.
The resulting imbalance is perhaps best illustrated by the case of
the prototypical reducible oxide CeO2 (ceria), which has become
a mainstay in catalytic applications in which oxygen buffering is
essential.6
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Current research in ceria based catalysis is almost entirely ori-
ented toward investigating the effects of metal-supported oxides
(M–CeOx), mixed oxides (MOx–CeOx), and promoters (P–CeOx)
(often involving foreign cations) on the reducibility, conductivity,
and oxygen storage capacity of the host material.7 The wealth of lit-
erature that addresses changes to the properties of ceria induced by
foreign cations is in stark contrast to the sparsity of studies treating
anion impurities, with examples of the latter being mostly reports
of contamination,8–11 rather than controlled doping. Motivated by
recent works highlighting the role of anion-derived states of the
valence band in catalytic reactions,12–15 we explore herein the via-
bility of anion doping as a means of tailoring the electronic structure
of ceria-based catalysts.

In this work, we focus on fluoride, a strongly electronega-
tive halide anion with an almost identical ionic radius to the oxide
anion. This choice of anion dopant is motivated by the fact that
CeOF is known to be a stable material with very similar struc-
tural properties to ceria,16–18 suggesting that various levels of flu-
orine incorporation could be achieved with minimal disruption to
the structure of the host lattice. This suggestion is supported by
the results of theoretical calculations,19 as well as by the observa-
tion that exposing CeO2 to F2 gas above 130 ○C leads to fluorine
incorporation without any change to the cubic structure, up to the
conversion to the hexagonal CeF3 phase around 270 ○C.20 Further-
more, it has also been shown that fluorine can be incorporated into
ceria on contact with fluorine-containing materials, such as Nafion®
or CaF2.9,21,22 Even commercially available ceria single crystals have
been found to be contaminated with fluorine, although the origin
of the contamination is unclear.11 Importantly, experiments on the
contaminated single crystals reveal that fluorine tends to accumu-
late close to the surface, with a gradient decreasing into the bulk.
We note that catalytic processes and associated phenomena (e.g.,
metal–support interaction) are governed by surface properties. Con-
sidering the broad range of possibilities for (unintentional) fluorine
incorporation into ceria, knowledge of its effects on the properties
of the material is severely lacking, and there is no indication as to
whether fluorination should be prevented or encouraged for specific
applications.

Fluorine is incorporated into bulk ceria in the form of F− ions
substituting for lattice O2− ions. The most obvious electronic effect
of this substitution is the addition to the system of one electron per
fluoride ion; the excess electron localizes in a 4f orbital of a sin-
gle Ce ion, reducing the nominal oxidation state of the ion from
4+ to 3+.19,22,23 As we have shown previously, the Ce3+ ion associ-
ated with an F− substituent is not spectroscopically identical to that
in pure ceria, as is directly evident from Ce 3d core-level photoe-
mission spectra, where both the ratio and position of the final state
components differ.22 A careful deconvolution of the Ce 3d spectra
can isolate the Ce3+–F interaction components and utilize the dif-
ference for the determination of the extent of fluorination of the
sample. The presence of characteristic Ce3+–F interaction compo-
nents in the Ce 3d spectra also implies a distinct screening response
to the 3d core hole.24–26 The specific properties of the Ce3+ ions asso-
ciated with fluorine defects are important because of the significant
role that 4f electrons play in ceria-related chemistry.27 It is therefore
conceivable that fluorine-doped ceria (Ce3+–F) and reduced ceria
(CE3+–vacancy) will behave differently with respect to phenom-
ena such as charge transfer, metal–support interaction, or oxygen

storage capacity. However, we have already shown that in the limit of
low concentration fluorine doping presents a relatively stable way for
changing the oxidation state of ceria without hampering its oxygen
storage capacity.28

The examples above indicate that the effect of incorporation
of fluorine into ceria extends beyond simply increasing the num-
ber of 4f electrons. Of particular interest is the extent to which
fluorine- and cerium-derived states mix. In undoped ceria, cova-
lent interactions of O 2p and Ce 5d and 4f states, which constitute
a major part of the valence band,29 are important with respect to
properties such as reducibility.30 Mixing of F 2p and Ce 5d and 4f
states can be expected to lead to the modification of the density of
states outside of the O 2p band. Such modifications could enhance
the alignment with several relevant molecules at energies below the
O 2p band, such as water (characteristic 1b1 and 3a1 states at 6.9 eV
and 9.5 eV, respectively), methanol, ethanol, and OH− (3σ orbitals
at 9.8 eV).31–33 On the other hand, states at energies above the O 2p
band offer possibilities for altering the interaction with d states of
metals that are commonly supported on ceria, such as Cu, Ni, and
Pt.34,35 We further note that the alignment of electron bands has a
wide impact on charge transfer properties both at the surface and
interface of metal oxide materials.15,36

In order to explore the effects of fluorine incorporation on the
electronic structure of cation-undoped ceria, here, we utilize reso-
nant photoemission spectroscopy (RPES) at the Ce 4d→ Ce 4f pho-
toabsorption threshold. RPES is conducted via tuning the primary
photon energy so as to induce a constructive interference of elec-
trons generated by a direct photoemission process and those gener-
ated via an Auger decay. We have previously shown that the reso-
nant photoemission process in (nominally) pure ceria depends on
the (initial) charge state of the photoionized cation in the following
way:37

For a Ce3+ ion, it is an intra-atomic process that greatly
enhances the spectral gain from 4f electrons, allowing detection of
such species when present even in very small concentrations,

Ce 4d104f1 O 2p6 + hν→ Ce 4d94f2 O 2p6

→ Ce 4d104f0O 2p6 + e−. (1)

For a Ce4+ ion, in contrast, it is an inter-atomic process that
carries information about cation–anion covalency,

Ce 4d104f0 O 2p6 + hν→ Ce 4d94f1 O 2p6

→ Ce 4d104f0 O 2p5 + e−. (2)

As such, RPES allowed us to directly demonstrate that the reso-
nant enhancement of Ce4+ is brought about by covalent interaction
of the Ce 4f and O 2p states, indicating a partially covalent character
of the Ce–O bond.37

In addition to the results obtained with RPES, we use the results
of hybrid density functional theory calculations to link the measured
electronic structure with the atomic scale structure of the surface.
We show how the fluorine contribution to the valence band changes
in relation to its depth distribution and identify a specific configu-
ration of fluoride ions bonded to Ce4+ at the surface that gives rise
to an F 2p band which is shifted toward the top of the O 2p band
and exhibits an appreciable degree of covalency. Our results indicate
that doping with fluorine represents a straightforward and flexible
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method for altering the density of states in ceria above, within, and
below the O 2p band.

II. EXPERIMENTAL AND THEORETICAL METHODS
Resonant photoemission spectroscopy experiments were con-

ducted in an ultrahigh vacuum system at the Materials Science
Beamline at Synchrotron Elettra (Trieste, Italy). The system has a
base pressure of 1 × 10−8 Pa and features LEED optics, a dual Mg/Al
anode X-ray source, and electron energy analyzer (SPECS Phoi-
bos 150), in addition to sample cleaning and preparation facilities.
The substrate used was a Rh(111) single crystal (MaTecK), which
was first cleaned by Ar+ sputtering and annealing in 1 × 10−5 Pa
of O2 (Linde 4.5) to 700 ○C followed by a brief flash annealing to
900 ○C. Ce (Goodfellow) was evaporated from tantalum crucibles
heated by electron bombardment for the growth of undoped sam-
ples. Fluorine-doped samples were prepared utilizing a separate
evaporator of the same construction which was loaded with Ce (Alfa
Aesar 99.9%) that had been pre-exposed to HF vapor for 60 min
at 90 ○C. Detailed description of the growth process follows in the
next paragraph. The as-prepared films were checked by LEED for
the characteristic hexagonal diffraction pattern of the (111) sur-
face termination of ceria layers. The prepared layers were contin-
uous, i.e., no Rh(111) LEED spots were observed. Detailed infor-
mation on the growth, ordering, and morphology of fluorine-doped
ceria on Rh(111) can be found in our previous paper.28 Briefly, the
fluorine-doped ceria shows elongated LEED spots due to a 9○ rota-
tion with respect to the Rh(111) substrate; the structure is cubic
with (111) surface termination. The thickness of the films was deter-
mined to be ∼9 ML from the attenuation of the Rh 3d signal, using
TPP-2M for the inelastic mean free path in ceria as implemented in
QUASES-IMFP-TPP2M.38

Two samples containing dominantly Ce3+ ions were prepared
by cerium deposition in an ultrahigh vacuum (c-Ce3+

2 O2−
3 and

Ce4+
0.07Ce3+

0.93O2−
1.06F−0.88). The absence of oxygen during the deposition

is guided by our previous experience with the apparatus (including
outgassing of the source material) that takes into account cerium
metal acting as an excellent getter for oxygen-containing species
in the rest atmosphere (i.e., water) and adsorbates on the surface
(oxygen left from cleaning procedures). The rest of the samples
(Ce4+

0.55Ce3+
0.45O2−

1.37F−0.80, Ce4+
0.73Ce3+

0.27O2−
1.87, and Ce4+

0.97Ce3+
0.03O2−

1.99) were
grown in the reactive atmosphere of 5 × 10−5 Pa of O2 (Linde
4.5). The fluorine content in the sample of intermediate stoichiom-
etry was controlled by alternating deposition of fluorine-doped and
undoped ceria in several steps. All the samples were grown at room
temperature and afterward annealed to 250 ○C. Postpreparation: the
stoichiometry of the samples was finely adjusted by exposure to
either O2 or H2 at 250 ○C in order to match the stoichiometry of the
fluorine-doped and pure cerium samples as closely as possible. Two
of the samples (Ce4+

0.07Ce3+
0.93O2−

1.06F−0.88 and Ce4+
0.73Ce3+

0.27O2−
1.87) were

flashed to 800 ○C in order to further adjust the sample stoichiom-
etry while making sure via LEED that the ordering and continuity
are not affected.39

Photoemission spectroscopy of the Ce 3d, F 1s, O 1s, C 1s, and
Rh 3d core levels was performed with X-ray radiation of 1253.6 eV
(Mg Kα), and valence band spectra were measured with synchrotron
radiation in the range of 115–125 eV. No charging effects were
observed in the photoemission spectra, and the samples showed no

or only minor carbon contamination. The presented Ce 3d spec-
tra have been processed in order to remove the X-ray satellite
peaks using procedures implemented in CasaXPS and then decon-
voluted into Ce4+, Ce3+, and Ce–F doublets. The expected deviation
of this deconvolution procedure is of the order of a few percent.
Detailed parameters of the deconvolution procedure can be found in
Ref. 22.

The stoichiometry of the samples was determined from the
Ce4+/Ce3+ and O 1s/F 1s area ratios according to the charge neu-
trality principle. In the case of fluorine–free samples (CeOx), this
calculation is reduced to the equation

x = 1.5 + 0.5
Ce4+

Cetot
, (3)

where Ce4+ and Cetot are the areas of Ce4+ doublets and total
Ce 3d area, respectively. However, to get the x and y values in the
case of fluorine-doped samples (CeOxFy), we combine the following
two equations:

4
Ce4+

Cetot
+ 3

Ce3+

Cetot
= 2x + y (4)

and
O 1s
F 1s

=
x
y

, (5)

where Ce3+ is the area of Ce3+ doublets, and O 1s and F 1s are the
areas of O 1s and F 1s peaks corrected with XPS sensitivity factors,
respectively.40 The stoichiometry calculations are carried out in the
approximation of a homogeneous distribution of the respective ele-
ments. The Ce–F area is considered as containing Ce3+ ions only
because it is directly derived from the spectrum of CeF3.22

Density functional theory calculations were carried out using
the projector augmented wave (PAW) method,41 as implemented in
the Vienna Ab initio Simulation Package (VASP), version 5.3.5.42–45

We used the standard Perdew-Burke-Ernzerhof (PBE) potentials
distributed with this version of VASP, which incorporate the [Xe]4d
electrons of Ce atoms and the 1s electrons of O and F atoms into
the cores, with a plane-wave cutoff energy of 400 eV, and a 4 × 4
× 1, Γ centred k-point mesh which was generated according to the
Monkhorst–Pack scheme.46 The structural model comprised a slab
of 12 atomic layers (for the stoichiometric slab), with a p(1 × 1) sur-
face unit cell, and a vacuum gap corresponding to 15 atomic layers of
bulk ceria. The addition of fluorine to the slab was performed sym-
metrically with respect to the top and bottom surfaces in order to
avoid the formation of a dipole across it.

We employed the HSE06 screened hybrid functional for our
calculations.47,48 While HSE06 has been shown to overestimate the
band gap of ceria and underestimate the reduction energy,49,50 it
describes very well the lattice parameter and width of the valence
band.29 Since we are interested primarily in the relationship between
structure and occupied electronic states in our study, we expect it to
be fit for our purposes.

The projected densities of states were generated by calculating
the contributions of the atoms to the Kohn–Sham eigenstates using
the projectors associated with the PAW potentials, and then con-
volving the resulting spectra with Gaussian functions with standard
deviations of 0.1 eV in energy and 0.1 Å in space. We note that the
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projector functions used for such an analysis are arbitrary to some
extent and that, therefore, the results should be viewed as being
qualitative rather than quantitative.

III. RESULTS AND DISCUSSION
A. Experimental results

In order to fully utilize the advantage of RPES in this com-
parative study, we prepared five samples with similar structures but
different compositions. Three reference, fluorine-free, samples were
prepared containing Ce3+ ions only, a mixture of Ce3+ and Ce4+

ions, and mainly Ce4+ ions. The stoichiometry of the prepared sam-
ples was evaluated according to Eq. (1), and these samples will be
referred to as c-Ce3+

2 O2−
3 , Ce4+

0.73Ce3+
0.27O2−

1.87, and Ce4+
0.97Ce3+

0.03O2−
1.99,

respectively. We compare those to two fluorine-doped samples con-
taining only Ce3+ ions and a mixture of Ce3+ and Ce4+ ions. Using
Eqs. (2) and (3), the stoichiometry of these fluorine-doped samples
was evaluated to be Ce4+

0.07Ce3+
0.93 O2−

1.06F−0.88 and Ce4+
0.55Ce3+

0.45O2−
1.37F−0.80.

We note that, disregarding any unusual methods, it is not possible
to prepare a fluorine-doped sample containing only Ce4+ ions.

The Ce 3d XPS spectra of the samples are shown in
Figs. 1(a)–1(e). The spectra were deconvolved into Ce3+ (blue), Ce4+

(green), and Ce–F (orange) components according to procedures
described in detail in Ref. 22. Because the Ce 3d spectrum has
been the subject of many previous studies, we refer the reader to
Refs. 7 and 24 and references therein for further details regarding
its shape and deconvolution. In Fig. 1(a), we see a typical Ce 3d
spectrum of a ceria sample containing solely Ce3+ ions. This spec-
trum can be compared to a fluorine-doped sample also containing
predominantly Ce3+ ions [Fig. 1(b)]. We observe that in Fig. 1(b)
both the ratio of and gap between the measured components are
altered as a result of the appearance of fluorine related spectral
features. In Figs. 1(c) and 1(d), we can compare the spectra of
fluorine-doped and fluorine-free samples of intermediate stoichiom-
etry, respectively. Here, the shapes of the spectra are dominated
by the Ce4+ components; however, the changes in spectral shape
between Ce4+

0.55Ce3+
0.45O2−

1.37F−0.80 and Ce4+
0.73Ce3+

0.27O2−
1.87 samples identi-

fying the presence of fluorine are still clearly visible. For comparison,
in Fig. 1(e), the Ce 3d spectrum consisting mainly of Ce4+ doublets is
shown.

The measured RPES spectra are shown in the right-hand col-
umn of Fig. 1. The RPES was acquired immediately after the XPS
measurement and thus corresponds directly to the state of the sam-
ple as described by the XPS spectra discussed above. The resonant
photoemission spectra at the Ce 4d→Ce 4f photoabsorption thresh-
old are measured at three different photon energies, 115, 121.4, and
124.8 eV, shown in Figs. 1(f)–1(j) as black, red, and green curves,
respectively. The energy of 115 eV is the so-called off-resonance
energy, which is below the photoabsorption threshold. Tuning the
energy to 121.4 eV induces a resonant enhancement of the 4f state
[∼1.7 eV, see the red line in Fig. 1(f)], which is exclusively due to
the Ce3+ ions. On the other hand, tuning the energy to 124.8 eV
induces a resonant enhancement of the top of the O 2p band
[∼3.6 eV, see the green line in Fig. 1(j)], which is indicative of the
contribution of the Ce4+ ions to those states.37,51 It is important to
note that the resonant enhancement follows a Fano-type profile,52

with a sharp rise in intensity below the absorption threshold and a

FIG. 1. Photoemission analysis of the fluorine-free and fluorine-doped ceria sam-
ples. All spectra are normalized to the maximum intensity. [(a)–(e)] Ce 3d core-
level spectra acquired with a primary photon energy of 1253.6 eV. The spectra
show components resulting from the deconvolution procedure that was used to
determine the stoichiometry of the respective samples. [(f)–(j)] Resonant pho-
toemission spectroscopy of the corresponding samples carried out at the Ce 4d
→ Ce 4f photoabsorption threshold. The resonant features are indicated with
arrows.
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more gradual decrease in intensity above the absorption threshold.
Consequently, we are able to observe a slight enhancement of Ce4+

features, when the energy is tuned to the Ce3+ resonance maximum
(121.4 eV), and, vice versa, the Ce3+ features are also enhanced at
the Ce4+ resonance energy (124.8 eV) [see resonant enhancements in
ceria of intermediate stoichiometry — Fig. 1(i)]. Our previous work
on the subject contains a comprehensive explanation of the resonant
photoemission enhancement at the Ce 4d→ Ce 4f photoabsorption
threshold.37 For further details regarding the Ce 4d→Ce 4f resonant
enhancement in ceria, we refer the reader to this work.

We begin the discussion of the RPES spectra by com-
paring the samples containing virtually only Ce3+ ions, viz.,
Ce4+

0.07Ce3+
0.93O2−

1.06F−0.88 and c-Ce3+
2 O2−

3 , which are shown in Figs. 1(f)
and 1(g), respectively. The c-Ce3+

2 O2−
3 spectrum consists of two prin-

cipal features, which are due to occupied Ce 4f and O 2p states at
∼1.7 eV and 3–7 eV, respectively. The most striking difference in
the Ce4+

0.07Ce3+
0.93O2−

1.06F−0.88 spectrum compared to that of c-Ce3+
2 O2−

3
is a broad new feature consisting of two contributions at 8.6 eV
and 9.5 eV, which we ascribe to F 2p states. We also note a slight
alteration of the O 2p spectral envelope, which we expect to be due
to two effects: the substitutional fluorine incorporation (a) changes
the relative number of O 2p states with respect to c-Ce3+

2 O2−
3 and

(b) creates new coordination shells for oxygen ions. The latter effect
will influence the electrostatic potential around the oxygen ions, and
consequently the degree of covalency of the bond between O 2p
and Ce 4f and Ce 5d electrons.24–26 Nevertheless, we expect that the
most significant effect on the chemistry will be provided by direct
interaction with the F 2p electrons.

Surprisingly, the fluorine-doped sample of intermediate sto-
ichiometry, Ce4+

0.55Ce3+
0.45O2−

1.37F−0.80, presents a qualitatively different
spectrum [see Fig. 1(h)] to that of the fully reduced sample. The pre-
viously observed F 2p spectral features appear to be shifted toward
lower binding energy and, possibly due to the overlap of several
states, to form a broad envelope with its maximum at 8.2 eV. Inter-
estingly, the shift leads to the conjoining of the F 2p and O 2p spec-
tral envelopes. Even more remarkable is the modification of the den-
sity of states at the top of the O 2p band, which, while invisible using
off-resonance photon energies, is revealed through the resonant
photoemission process. Specifically, we see a new maximum at the
Ce 4d → Ce 4f photoabsorption threshold for Ce3+ ions (121.4 eV)
at a binding energy of 3.4 eV [black circle in Fig. 1(h)]. This maxi-
mum is shifted by 0.25 eV in comparison to the fluorine-free ceria
sample of similar stoichiometry [see the results for Ce4+

0.73Ce3+
0.27O2−

1.87
in Fig. 1(i)]. We note that the regular Ce4+ resonant enhancement at
124.8 eV has its peak at 3.6 eV [see the green peak in Fig. 1(j)]. The
small resonant enhancement at ∼1.7 eV in red 121.4 eV spectrum
of Fig. 1(j) is caused by a minute reduction of the Ce4+

0.97Ce3+
0.03O2−

1.99
sample.

Concerning the differences in Figs. 1(h) and 1(i), the resonat-
ing O 2p states necessarily cannot have the same intensity at pho-
ton energies both below (121.4 eV) and at (124.8 eV) the Ce 4d
→ Ce 4f photoabsorption threshold for Ce4+ ions [see the red and
green spectra in Fig. 1(h)]. Therefore, the shift of the maximum to
3.4 eV observed for the fluorine-doped sample of intermediate sto-
ichiometry (Ce4+

0.55Ce3+
0.45O2−

1.37F−0.80) reveals the presence of new res-
onating states that are necessarily distinct from the resonating O 2p
states in the fluorine-free sample. Interestingly, the new states must
also include contributions from Ce4+ ions, which is emphasized by

the fact that the presence of fluorine in ceria containing only Ce3+

ions does not lead to the same effect [compare red RPES spectra
in Figs. 1(g) and 1(h)]. The observed divergence between the Ce4+

and Ce3+ ions is in line with recent theoretical26 and experimen-
tal37 examination of the cation–anion interactions in ceria, where
the former is found to be more sensitive to the anion shell.

B. Theoretical calculations
In order to investigate the origin of the observed effects, we cal-

culated the electronic structure of model fluorine-doped ceria(111)
structures using hybrid density functional theory. We initially con-
sider models containing fluoride substituents in the surface and
subsurface oxygen layers of a (111) ceria slab. The corresponding
calculated atom projected densities of states (PDOS) are shown in
Figs. 2(a) and 2(b). In the model shown in Fig. 2(a), fluoride ions
substitute for all the oxygen ions in the subsurface (third atomic)
layer, as a consequence of which, all the surface cerium ions are Ce3+.
The model in Fig. 2(b) also has Ce3+ ions at the surface; however,
fluoride ions substitute for oxygen ions in the first surface layer. The
PDOS are separated vertically in Figs. 2(a)–2(c). Each line of PDOS
corresponds to the contribution from ions with which it is aligned
in the structural model to the left of each plot. The binding energy is
given with respect to the Fermi level, which is chosen to be approx-
imately halfway between the occupied and unoccupied Ce 4f states,
and does not necessarily correspond to the experimental one.

By using the vertically separated PDOS, we can easily ascribe
the states to the ions from which they originate. Specifically, in
Fig. 2(a), we observe that the subsurface fluoride ions give rise to
a band at around 8 eV, separated from the broad O 2p band from
∼7 to ∼3 eV, and the occupied 4f states of Ce3+ ions are located at
∼0.5 eV. Comparing the results in Figs. 2(a) and 2(b), we see that the
F 2p states of the surface fluoride ion are at binding energies which
are approximately 0.5 eV lower than those of the subsurface fluoride
ion. This results in the closing of the gap between the F 2p and O
2p states apparent in Fig. 2(a). We recall that the measured valence
band photoemission spectrum of Ce4+

0.07Ce3+
0.93O2−

1.06F−0.88 exhibits such
a gap, while that of Ce4+

0.55Ce3+
0.45O2−

1.37F−0.80 does not. With this in mind,
the computational results indicate that there is a different depth
distribution of fluorine for the two samples. While theory predicts
fluorine to be located primarily in the surface layer of a thermody-
namically equilibrated ceria sample,19,23 this has been determined
only for low levels of reduction. It is conceivable that the situation
is different for ceria containing only Ce3+ ions. Severe reduction of
ceria leads to the stabilization of ordered structures of oxygen vacan-
cies in the surface,53 which could hinder the segregation of fluorine
to the surface. Consequently, not only the concentration of fluorine
but also the concentration of oxygen vacancies affects the depth dis-
tributions of fluorine in the sample, and therefore the binding energy
of the F 2p states.

The calculated density of states of the model in Fig. 2(a) shows
another interesting effect, namely, that the 2p states of the oxygen
ions in the surface contract and shift to lower binding energies. This
can be rationalized as the effect of the exclusive presence of fluorine
induced Ce3+ ions in the vicinity of the oxygen ions at the surface.
Naturally, the covalent interaction between Ce3+ and those oxygen
ions is reduced in comparison to bonding with Ce4+ ions.37 One
might jump to the conclusion that this effect and the contracted
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FIG. 2. Calculated projected densities
of states (PDOS) of the top six atomic
layers of ceria(111) slabs with fluorine
dopants in (a) the subsurface layer, (b)
the surface layer, and (c) the surface
layer and adsorbed on top. The horizon-
tal axis indicates the energy, while the
vertical axis indicates the height of the
atomic layer in the slab shown to the
left of each plot; the value of the PDOS
itself is indicated by color such that the
darker the color, the greater the value of
the PDOS. As indicated, in the atomic
structures, Ce4+ and Ce3+ ions are repre-
sented by large cream and grey colored
spheres, while oxygen and fluoride ions
are represented by red and green col-
ored spheres, respectively. See text for
further details.

states of oxygen ions at the surface in Fig. 2(a) are the origin of
the new states at the top of the O 2p band in the measured pho-
toemission spectra of Ce4+

0.55Ce3+
0.45O2−

1.37F−0.80 [see Fig. 1(h)]. However,
there are several reasons why such a conclusion would be inconsis-
tent with the results presented here. First, as previously mentioned,
the subsurface position for fluorine is energetically less favorable
than the surface position.19,23 Second, we do not observe the gap
between the F 2p and O 2p states in the experimental spectrum.
Finally, and most importantly, the resonant photoemission process
at the Ce 4d→ 4f photoabsorption threshold of the Ce3+ ions bonded
to the surface oxygen ions would involve solely the f–f interaction
decay channel, with negligible contributions from any surrounding
2p electrons.37 This means that the structure we are looking for must
have Ce4+ ions in the vicinity of any such electrons that would give
rise to the new states.

Interestingly, our recent theoretical work on fluorine impurities
at CeO2(111) suggests a candidate that would satisfy this condi-
tion.23 The structure consists of a fluoride ion in the surface, sub-
stituting for a lattice oxygen ion, with an additional fluoride ion
adsorbed on top of a neighboring cerium site [see Fig. 2(c)]. The
presence of two fluoride ions per missing surface oxygen ion leaves

no excess electron to reduce the neighboring cerium ion, which
therefore maintains its nominal 4+ charge state. The calculated den-
sity of states for this configuration is shown on the right-hand side
of Fig. 2(c). The 2p states of fluorine are conjoined with the O 2p
states, as was observed in the experimental RPES data [see Fig. 1(h)].
Moreover, we see that the 2p states of the adsorbed F− ion possess
markedly lower binding energies than those of the substituent, con-
sistent with their low co-ordination, to the extent that they appear
at ∼5 eV. Their shoulder extends even to ∼4 eV, which is basi-
cally the top of the O 2p band. A concurrent increase in density of
states is also visible on the surface cerium ions, which suggests a cer-
tain degree of covalent bonding between the adsorbed F− and Ce4+.
We put this configuration forward as the origin of the new states
observed in the experimental spectrum of the Ce4+

0.55Ce3+
0.45O2−

1.37F−0.80
sample.

The proposed configuration captures all of the distinct exper-
imental observations regarding the emergent states, namely, the
simultaneous presence of both F− and Ce4+ ions and covalent inter-
action between their respective valence states. The covalent inter-
action, in the theoretical framework, is revealed by the presence
of some Ce 4f character on fluoride ions and F 2p character on
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cerium ions, which is consistent with the current cerium–anion
bonding picture.26,37 For a straightforward visualization, we invite
the reader to compare the unoccupied states below 2 eV in Figs. 2(b)
and 2(c), where the Ce 4f states are clearly not present on fluo-
ride ions in the former case. The experimental observation is less
direct, but similarly conclusive. In the resonant photoemission pro-
cess giving rise to the new states [see the black circle in Fig. 1(h)],
a Ce 4d core-hole is screened via a covalent interaction where
F 2p electrons move toward and partially localize on the perturbed
Ce4+ ion.25,26,37 This so-called closed-shell screening is represen-
tative of covalent mixing between the participating states.54 Con-
sidering the generally Coulombic interactions of fluoride ions, the
revealed covalent mixing is surprising. Altogether, the character of
the newly discovered fluorine states is highly relevant to the proper-
ties of ceria, especially in the light of the recent highlights of the role
of 2p anion states in the chemistry of reducible metal oxides.15 We
note that the precise quantification of the observed covalent mixing
remains an outstanding question, the complexity of which extends
well beyond the scope of the current contribution. The complexity
lies in the fact that the correlated nature of electrons in ceria24 leads
to strong multiplet splitting effects in the final states25 accessible by
spectroscopic methods that could be used for the purpose (such as
the resonant photoemission used in this study or X-ray absorption
spectroscopy55), preventing straightforward quantification.

IV. CONCLUSION
Our combined experimental and theoretical investigation

reveals the flexibility that fluorine doping offers for modifying the
electronic structure of ceria. The results show that the simultane-
ous presence of fluoride ions and Ce4+ leads to the emergence of
new states below, within, and above the valence band. We demon-
strate that the new states originate from fluoride in various near
surface layers and identify a distinct configuration consisting of two
fluoride ions, one substitutional and one adsorbed, charge compen-
sating an oxygen vacancy. The charge compensation has a marked
effect on the energy of the corresponding F 2p states that are found
to be covalently interacting with the Ce4+ ions. Furthermore, the
results suggest that an interplay between the concentration of oxy-
gen vacancies and fluorine dopants influences the depth distribution
of the latter. The F 2p states shift toward the Fermi level the closer
to the surface the fluoride dopants are. Both findings reveal effects
of fluorine incorporation that extend beyond the direct increase of
f-electron density, and allow for tailoring of 2p mediated interac-
tions above, within, and below the energy range spanned by the O
2p band. The results illustrate the strong influence that fluorine dop-
ing, be it through contamination or rational design, can have on the
valence band electronic structure of ceria.
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Agency of Charles University (Grant Nos. GAUK 897316 and
GAUK 472216). S.D.S. was funded by the US Department of Energy
Office of Science and Office of Basic Energy Sciences under Contract
No. DE-SC0012704. M.J.W., J.K., and K.H. were supported by the
Swedish Research Council (VR) and the national Swedish e-science

initiative eSSENSE. The calculations were performed on resources
provided by the Swedish National Infrastructure for Computing
(SNIC) at NSC. We thank Klára Beranová as well as other staff of the
Materials Science beamline at Elettra Sincrotrone Trieste for support
during the beam time. We are also grateful to Jiří Libra for pro-
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