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ABSTRACT: In this work, we performed DFT+U periodic calculations
to study the geometric and electronic properties of 12.5% Mn-doped
CeO, solid solution. The doping with Mn allowed some Mn®* cations to
substitute Ce** ions into the CeO, lattice and thus drove the formation
of a stable O-deficient bulk fluorite-type structure. The Mn-doped
CeO,(1 1 1) surface, generated upon the cleavage of the O-deficient
bulk, exhibits Mn cations in a (3+) oxidation state. Spin-polarized energy
calculations and charge analysis also evidenced the effect of Mn-dopant
in facilitating the creation of surface oxygen vacancies; which reflected in
extended surface and subsurface ions relaxation and reduction of Mn
atoms located on surface and inner cationic layers. Concerning the
oxidation state of Ce, it remained unaltered as Ce* when an O atom was
removed from the topmost anionic layer of the surface system.
Reduction of a Ce** cation to Ce** was evidenced after the creation of
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a second surface O-vacancy. Our results indicate facilitated surface oxygen release, Mn>"/Mn** redox couples formation, and
promoted anionic mobility and can help to better understand the effect of Mn in enhancing Mn-doped CeO, catalytic

performance in oxidation reactions.

1. INTRODUCTION

Cerium-oxide-based materials are extensively used as catalysts
due to their ability to participate efficiently in oxidation
reactions and many other O-consuming processes.' > The
mechanism to release and store oxygen under oxidizing and
reducing conditions has been related to their redox properties
as they undergo constant rapid reduction/oxidation reversible
cycles during the reaction process.**

Undoped CeO, presents good oxygen-storage capacity but is
still insufficient for attaining the high performance required for
industrial catalysts and also poor thermal resistance and stability
under high-temperature operation conditions. The performance
of CeO,-based materials, mainly related to the presence of
Ce**/Ce®* couples, reduction facility, and oxygen mobility,
could be improved by the addition of transition, alkaline earth,
or rare-earth metals."® The doping of CeQ, with transition
metals, which usually exhibit several oxidation states and better
redox properties than rare-earth metals, results in composite
oxides with promoted oxygen storage capacity (OSC).” These
mixed oxides show improved redox properties, mainly by the
facilitated surface and bulk O-vacancies formation due to
transition-metal incorporation into CeO, structure.®

In particular, Mn-doped CeO, solids have shown excellent
OSC and catalytic performance in many valuable processes.” ">
MnO,—CeO, mixed oxides are likely catalysts for oxidation of
diesel soot,” ethanol, formaldehyde, and phenolll’12 as well as
the selective reaction of NO with NH,” The synergistic
interaction between MnO,, and CeO, seems to play a primary
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role in achieving good catalytic activity,"® making the Mn—Ce
oxides very promising candidates as potential industrial
catalysts.®

It was suggested that Mn>" could be incorporated into the
CeO, lattice due to its size compatibility with that of Ce*". This
incorporation generates structural distortions and electronic
changes being the reason for the reduction in the O-vacancy
formation energy and contributing to a high catalytic activity."?
The formation of O-vacancies by the substitution of Mn>* for
Ce*" was also proposed in the literature."> Mn** ions, due to
their small radius, can enter into the CeQO, lattice and form
solid solutions, increasing the amount of oxygen vacancies and
thus enhancing the catalytic activity.”’ After H, temperature-
programmed reduction (TPR) experiment and reoxidation of
MnO,-CeO, samples, larger reoxidation degrees were attrib-
uted to an unsaturated state, with O-vacancies, of the fresh
samples.'' Raman spectroscopy indicates that there are more
O-vacancies on the CeygsMny 1,0, system than in pure CeO,,
which can lead to a higher oxygen mobility from the bulk to the
surface."*

XPS analysis of Mn-doped CeO, solid solution as-prepared
samples indicates that Mn is mainly present at (3+) oxidation
state.'”'*™'7 Also, H,-TPR profiles of Ce—Mny,) were
attributed to the reduction from Mn** to Mn>*.>'7 Because
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Mn®*" can only be reduced to Mn** by O-release, the existence
of Mn*"/Mn** redox couples in Mny;Ceyo0O, is what favors
oxygen storage and release during CO—0, cycles.'”

In the case of Mn—Ce mixed oxides (molar ratio of Mn:Ce
1:9), one of the O-desorption peaks detected during O,
temperature-programmed desorption (TPD) tests was attrib-
uted to the liberation of lattice oxygen. Further O desorption
implies O diffusion from the bulk to the surface and reduction
of Mn* to Mn®>" and Ce* to Ce¥, confirming that Mn
incorporation enhances the lattice oxygen mobility.” H, TPR
measurements suggested that MnO,—CeO, decreased reduc-
tion temperatures compared with those of pure CeO, could be
attributed to the strong interaction between MnO, and CeO,
and the greatly increased oxygen mobility.'"® The mutual
promotion effect of CeO, and Mn>*/Mn”* species is believed
to be essential for the higher dynamic oxygen storage capacity
(DOSC) and rate (DOSR) of Mn,,Ce,,O, samples.17

Despite the extensive experimental research dedicated to
exploring the performance of MnO,—CeO, mixed oxides, only
a few works have studied, from a fundamental point of view, the
influence of Mn—Ce interactions in making these oxides
effective catalysts. Tang et al.'’ investigated the redox
thermodynamics of doped CeO, bulk structure with 3.125
and 6.25% Mn, Pr, Sn, or Zr, obtaining the lowest O-vacancy
formation energy for the Mn-doped system. Gupta et al.'”
studied the distortions introduced in the bulk structure of CeO,
when combined with different metals M (M: Mn, Fe, Co, Ni,
Cu), concluding that the longer the M—O bond lengths, the
higher the M—Ce mixed oxide OSC. Nonetheless, in their
theoretical calculations, the on-site Coulomb interactions for
the Ce(4f) and Mn(3d) orbitals as well as s6pin polarization
were not taken into account. Cen et al.'® evaluated the
reduction and reoxidation processes of a CeO, (1 1 1) slab in
which one of the surface Ce atoms was replaced by Mn. A
similar model was employed by Zhang et al,'* who reported
not only theoretical but also experimental results showing that
Mn-doped CeO, solid has a higher OSC than pure CeO,.

Therefore, the aim of this work is to introduce a model that
helps to understand the characteristics that make a 12.5% Mn-
doped CeO, solid solution an efficient oxidation catalyst. We
performed density functional theory (DFT+U) calculations to
characterize the Ceg7sMng155010375(1 1 1) surface, evaluating
the influence of the Mn-dopant in the O-vacancy formation,
anionic mobility, and redox properties.

2. THEORETICAL METHOD

2.1. Calculation Details. Plane-wave periodic density
functional theory (DFT) calculations for the bulk and (1 1
1) surface of Mn-doped CeO, were carried out using the
Vienna Ab initio Simulation Package VASP 202!

The Kohn—Sham equations were solved with the generalized
gradient approximation (GGA) using the exchange-correlation
functional of Perdew—Burke—Ernzerhof (PBE).** The core
electrons were represented with the projector-augmented wave
(PAW) method.”® The valence electron wave functions were
expanded using a truncation energy value of 408 eV and a
Gaussian smearing of 0.2 eV. We have used the valence
configurations 5%, Spé, 6s%, 5d', and 4f* for Ce; 3d° and 4s' for
Mn; and 2s* and 2p* for O atoms. The Brillouin zone was
sampled with 4 X 4 X 4 and 3 X 2 X 1 k-point grids for the bulk
and surface structures, respectively, according to the
Monkhorst—Pack scheme.”* For the energy calculations we
considered spin-polarization effects. The tolerance for the total

free-energy change was set in 1073 eV, and the final results were
extrapolated to those of SIGMA = 0 eV, where SIGMA is the
smearing width. Structural relaxations according to the
Hellmann—Feynman forces were performed for all of the
systems described in this paper. Atomic positions were relaxed
until the force acting on each atom was <0.02 eV/A.

We checked the possible effect on the energetics of surface
dipoles by adding a compensating electric field as implemented
in the VASP code. Considering this correction, the results were
affected in less than 0.02 and 0.05 eV for the formation of a
single and double oxygen vacancies on Ceyg;sMng 12501 0375(1 1
1) surface, respectively. We also checked if taking into account
dipole correction would affect the predicted oxidation states of
cations, and the results were the same as those obtained for the
calculations that included the compensating electric field.
According to this, dipole correction was not further considered.

The standard DFT formulation usually fails to describe
strongly correlated electrons due to a deficient treatment of
electron correlation. This limitation can be corrected by using
the DFT+U method, where the introduction of a Hubbard
parameter U modifies the self-interaction error and enhances
the description of the correlation effects.”>*® This methodology
has been widely used for reduced CeO, systems, where the
inclusion of the U parameter enhances the description of the
strongly correlated Ce(4f) electrons. Nolan et al,”” presented
periodic density functional theory (DFT+U) calculations of
bulk ceria and its low index surfaces (1 1 1), (110),and (10
0). For the study of oxygen vacancy defect formation on the (1
0 0) surface, the cited authors tested values for U in the range
of 2—7 eV and found that the degree of delocalization decreases
with increasing U. For U < § eV, significant delocalization still
persisted, while for U = 5 eV and greater, the results were
essentially converged. They chose a value of U = 5 eV, which
leads to localization of two electrons in the Ce(4f) states for
each oxygen vacancy and to an electronic structure
corresponding to that observed in experimental UPS spectra.”’
The oxygen vacancy defects in bulk ceria and the low index (1 1
1), (110), and (1 0 0) surfaces were computed with DFT+U,
and the U value was set to 5 eV for all calculations.”® The
calculated offset from the valence band (VB) to the gap state
for this U value (5 €V) was 1.1 eV for the (111) surface, and
the agreement with the available experimental offset data of 1.2
eV for the reduced (1 1 1) surface was highlighted.28 The value
of U = 5 was also chosen to correctly describe the atomic and
electronic structure of both CeO, and CeO,_, systems in many
other theoretical works.*?* ! Zhang et al.** performed GGA
+U calculations with different U values (2.0, 3.0, 4.0, 5.0, S.5,
6.0, and 7.0 eV) and found that on the reduced surface with an
O vacancy the two excess electrons left behind by the removed
O start to become localized at U = 3.0 eV. The degree of
localization reaches a maximum at U = 5.0 eV, while for higher
U values the charge localization at Ce ions decreases.>

Tang et al.'” in a first-principles investigation on redox
properties of Mn-doped CeO, used a U value of 4.5 eV for the
description of the strong on-site Coulomb repulsion among
Mn(3d) electrons. This value removed the self-interaction error
and improved the description of the correlation effects. They
found that U = 4.5 eV is reasonable by fitting to the
experimentally available parameters of MnO, such as lattice
constants and band gap.” Bayer et al.>* reported a combined
experimental characterization and theoretical study of the
formation of Mn;0,(0 0 1) on MnO(0 0 1) and studied surface
and interface structural stability. From the first-principles
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analysis, adopting the value U = 5.0 eV for the most favorable
Mn;0, surfaces, they obtained energetic arguments for the
higher stability of the (0 0 1) orientation.>® Cen et al.'® studied
the effect of different U values from 0 to 6 eV for Mn(3d)
orbitals in the relaxed geometry model of Mn-doped CeO,. For
U = 0 eV, the introduction of Mn into the CeO,(1 1 1) surface
made an obvious geometric distortion, which was relieved at U
= 4.5 eV, resulting in Mn—O bond lengths of 2.22 A (similar to
the experimental bond length of MnO oxide). They also
calculated the total density of states for U values from 0 to 4.5
eV and found that the unfilled up-spin gap state goes down and
approaches the Fermi level as U increases from 0 to 4.5 eV.'®
Recently, in a first-principles study of SO, poisoning effects on
pure and Mn-doped CeO,, the same authors also set the U
value to 4.5 €V for Mn(3d) states.>*

Therefore, in this work we used a Hubbard parameter U = §
eV for Ce(4f) states and U = 4.5 eV for the Mn(3d) states
because these values are considered to give reliable results.

2.2. Bulk and Surface Models. 2.2.1. Mn-Doped CeO,
Bulk. Cerium oxide has a fluorite structure (CaF,), with a
reported experimental value of the lattice parameter of 54113
A (JCPDS #43-1002). The CeO, fluorite-type structure
consists of a cubic close-packed array of Ce cations with all
tetrahedral holes filled by O anions. In this array, each Ce*"
cation is surrounded by eight O~ anions that form the corners
of a cube. Also, each O*~ anion coordinates with four metal
cations in a tetrahedron-like structure.

Experimentally, it has been reported that Mn can form solid
solutions with CeQ,.571%13353¢ The limit of MnO, solubility in
CeO, was ~15% Mn cationic content (i.e., Mn/(Ce + Mn) <
0.15)."""> Besides, experimental studies showed a slight
decrease in the lattice parameter due to 10% Mn mixing into
the cerium oxide (5.406,” 5.408,°, and 5.4108 A"®).

Thus, our model of Mn-doped CeO, contains 12.5% of Mn
cations. We employed a cubic supercell formed by 2 X 2 X 2
CeO, unit cells (consisting of 32 cations and 64 oxygen atoms),
in which four Ce cations were replaced by Mn atoms.

Tang et al.'” have performed VASP calculations with the on-
site Coulomb interaction to study the effect of Mn doping and
O-vacancy formation on CeO,. To study the effect of doping,
they replaced one Ce atom by a Mn atom in the same bulk
structure as ours and explored different positions for the second
dopant atom (from first to fifth nearest-neighbor). As a result,
they found that the structures with Mn-dopant placed as first or
second nearest-neighbor (NN) were energetically favorable
with similar total energies. Taking into account these findings,
we introduced the Mn-dopant cations as two pairs of second
nearest-neighbors. Simultaneously, these pairs are second
nearest-neighbors between each other.

After full relaxation on the bulk structure, our DFT+U
calculations resulted in a lattice-constant-optimized value of
5.463 A for Ceyg,sMnyg 1,50, (549 A for pure CeO,).

We tested other configurations in which two Mn atoms were
second nearest-neighbors and the remaining two were 2NN
and 2NN; 2NN and 3NN; 2NN and 4NN; 3NN and 3NN;
3NN and 4NN; and 4NN and 4NN. Also, we evaluated the
energy of a system with a more regular or isolated distribution,
with all Mn cations 4NN between each other (4NN Mn-
distributed). All of these configurations, fall in an energy range
of ~0.3 eV, where the last configuration is one of the most
stable. However, when O-vacancies were introduced to further
stabilize this even configuration, it did not result in the lowest
energy system.

Experimental studies have shown that Mn>' ions can
selectively substitute the Ce** cations in the CeO, lattice,
forming oxygen vacancies to maintain the charge balance.” As
we have already described in the Introduction, experimental
studies indicated that MnO,—CeO, presents structural O-
vacancies.””! 114

Previous simulations of Mn-doped CeO, bulk structures have
indicated the need for introducing oxygen vacancies near the
dopant atom to maintain charge neutrality.'>'® Moreover, Tang
et al. reported that location of the oxygen vacancy at the first
neighbor site of Mn is the most stable, with an O-vacancy
formation energy of —0.434 eV, resulting in the reduction of
Mn* to Mn*" instead of the usual reduction of Ce** to Ce®* in
pure CeO,." Following this idea, we decided to remove two
oxygen atoms, first nearest-neighbors to two Mn cations, from
the systems with different atomic configurations. The energy
need for these two O-vacancy formations (AEp00.va.) Was
calculated as:

AEp100-vac. = E[Cegg75Mng 1550, 93751 + E[O,]
- E[Ce0_875Mn0_12502]

where E[Ceyg75Mny 15501 937s), E[Ceg 575Mn 1550,], and E[O,]
represent the energies of the relaxed bulk structure with and
without two oxygen vacancies and molecular oxygen,
respectively. The energy of the O-deficient system, consisting
of the two pairs of second nearest-neighbors, resulted 0.12 eV
lower than that of the O-deficient 4NN Mn-distributed system.
Accordingly, we considered that the former configuration (see
Figure 1) could be used to describe the O-defective bulk

structure.

Figure 1. 12.5% Mn-doped 2 X 2 X 2 CeO, bulk structure.

The calculations gave a negative value for two O-vacancies
formation in the supercell (AEpi,0ve = —223 eV),
indicating that Mn-doped CeO, solid solution may present
oxygen defects in the fluorite-type structure. As a result, the
composition of the MnO,—CeO, mixed oxide was
Ceg7sMn 1550, 9375. To determine if the lattice parameter
changed with vacancies formation, we performed a reoptimiza-
tion and found that its value remains the same (5.463 A).

2.2.2. CeygrsMny 1550, 9375(1 1 1) Surface. For cerium oxide,
it has been reported that CeO,(1 1 1) face is one of the most
stable.”?' This surface corresponds to the minimal Ce—O
bonds cleavage. Thus, the CeggrsMng 55010375 surface (see
Figure 2a,b) was obtained by cleaving the O-defective 2 X 2 X 2
bulk supercell with the (1 1 1) ideal plane, retaining an extra
oxygen layer. As shown in Figure 2a, to model the Mn-doped
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Figure 2. Cegg;sMng 1550, 0375(1 1 1) surface.

CeO, (111) surface, we constructed a 12-layer slab. The
supercell comprises four Mn-doped CeO, trilayers, each of
them formed by one O-cations-O sandwich. Modeling the
surface as a stack of O-cations-O sandwiches prevents the
appearance of a nonzero dipole moment normal to the
surface.’” The two oxygen-terminated surfaces of each side of
the Mn-doped ceria slab were separated by a 20 A thick vacuum
space. The latter avoids periodic interactions with the atoms of
the upper image.

Calculations on a 24-layer slab showed that it can reproduce
the bulk, with surface Mn cations exposing (3+) oxidation state
as experimentally reported.”'®'*~"” Thus, to reduce the system
size to a computationally affordable one and take into account
the fact that surface O-vacancies affected the oxidation state of
inner-layer Mn-dopant cations,””"'”*® we decided for a 12-layer
slab with complete relaxation.

Complete optimizations have been previously used to
represent active surfaces and their interaction with adsorbates.
Nolan et al.*' studied with a DFT+U approach the geometry
and electronic structure of oxygen vacancy defects in the low
index (11 1), (110),and (10 0) surfaces of ceria. CeO, (1 1
1) surface was represented as a 12-layer slab, and the atomic

structure was fully relaxed. Chen et al.** studied Au adsorption
on (1 1 1) and (1 1 0) surfaces of CeO, with a DFT+U
approach, modeling the CeO,(1 1 1) by a p(2 X 2) unit cell
with 12 layers, in which all of the layers were relaxed. In a
combined, experimental and theoretical study of Mn-doped
Ce0,—WO, catalysts, Peng et al.** used a four-layer slab, and
all layers were fully relaxed. The relaxation of all atoms in the
slab was used by Kotomin et al*' to model the electronic
structure of LaMnO;(0 0 1) surface with emphasis on its
relaxation for different magnetic configurations. Slabs of
different thicknesses, varied from 4 to 12 planes, were used.
Piskunov et al.** studied electronic structure and thermody-
namic stability of LaMnO;(0 0 1) and La,,Sr,MnO;(0 0 1)
surfaces, and all atoms have been allowed to relax freely in their
simulations. Worz et al.*? studied experimentally and via DFT
calculations the adsorption of Au atoms on TiO, thin films
grown on Mo(1 1 0). They used a four-layer slab of TiO, to
model this system and optimized the positions of all atoms of
the supercell, except those in the bottom. Claeyssens et al.**
investigated layer-by-layer growth of ZnO by examining
computed structures of thin films of ZnO as a function of
film thickness. They carried DFT calculations for thickness
ranging from 4 to 24 layers and optimized these structures,
relaxing all structural degrees of freedom, including the surface
lattice vectors.

The full relaxation methodology reported in the literature for
similar systems, the presence of surface Mn*", as experimentally
reported, and the economy of computing resources convinced
us to use an optimized 12-layer slab as the surface model.

3. RESULTS AND DISCUSSION

3.1. O-Saturated Bulk Structure. After doping, the 2 X 2
X 2 CeO, fluorite-type supercell with Mn, whose ionic radius
(Mn*: 0.53 A, Mn>*: 0.58 A, Mn®*: 0.83 A) is smaller than that
of Ce*" (0.97 A),* we allowed the system to completely relax
to adopt the Ce—O and Mn—O equilibrium bond lengths. In
our saturated Ceg,sMng 1,50, structure, the calculated Ce—O
and Mn—O bonding distances were between 2.36 to 2.38 A and
2.33 to 2.34 A, respectively. The symmetry of this structure
makes these length intervals very narrow.

The study of the solid electronic structure is essential to
understand its redox properties and so to know why the
oxidation properties of CeO, are enhanced due to Mn-doping.
Consequently, density of state (DOS), projected density of
states (PDOS), and charge and spin-charge density Bader
analysis were employed to study the electronic effects of doping
CeO, with Mn.

We used Bader charge analysis,*® to assign ionic oxidation
states. But in the case of Mn cation, as it is a high-spin
transition metal, its oxidation state can best be determined by
integrating the spin-polarization density. This procedure, in
comparison with integrating charge density, allows us to filter
out the O(2p) contributions.”’” To distinguish between Mn
atoms from the bulk and those of the surface, we introduced a
subindex B for the atoms of the bulk. So, the notation Mng and
Mn correspond to Mn atoms in the bulk and in the surface slab,
respectively, as shown in Figures 1 and 2a.

The O-saturated Cejg;sMng;,50, bulk structure has a
symmetrical disposition of Mn with the same charge over all
these cations. Bader charge and spin magnetization of Mnlz—
Mn4;g are shown in Table 1. The charge calculations indicate
that Ce cations remained as Ce*", while all Mn atoms adopted
the (3+) oxidation state. The spin-polarized charge density is
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Table 1. Cejg,sMng 1,50, Bulk Structure Charge Analysis

estimated oxidation

cation  Bader charge, e spin magnetization, jip state
Mnly 5.23 4.26 3+
Mn2g 5.23 4.23 3+
Mn3g 5.23 4.23 3+
Mn4y 5.23 4.26 3+

drawn in Figure 3, which shows equally distributed spin density
over Mn cations and their coordinated O atoms. Each Mn atom

®© ® %
© ¢ ¢ ©

®®®®
© © ¢ O

0. @ @ @ @
[100]@ Q Q @

Figure 3. Spin polarization surface at a 0.05 e A™ isovalue of the
relaxed O-saturated 12.5% Mn-doped 2 X 2 X 2 CeO,
(Cepg7sMnyg 1550,) bulk structure (top view). Positive and negative
values are indicated in yellow and gray, respectively.

[001]

(majority-spin-polarized) interacts with eight oxygen atoms
(minority-spin-polarized), indicating that Mn cations received
some electron density from their O-coordination sphere. A
similar behavior has been reported for the Mn atom that
substituted one surface Ce*' cation in a CeO,(1 1 1) slab,
whig? was elucidated as O(2p)-holes formation in the oxygen
VB.

Meanwhile, the DOS plot of our O-saturated fluorite-type
bulk structure shows the conduction band (CB) separated 2.1
eV from the VB, with some peaks in the gap (see Figure 4).

g
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Figure 4. DOS of the O-saturated Ce(g;5Mny 550, bulk structure.

These unoccupied states above the Fermi level are mainly
formed by O(2p) and Mn(3d) states and could be attributed to
the previously mentioned O(2p)-holes creation in the VB.
3.2. O-Defective Structures. 3.2.1. Bulk Structure. After
removing two oxygen atoms in the O-saturated bulk supercell,
we allowed the resulting Cejg7,5Mng 1,501 9375 structure to fully
relax. As we have already mentioned, the formation energy of

two O-vacancies was negative (—2.23 V), indicating that this
system would exhibit structural oxygen defects. In this O-
defective bulk, the lengths of Mn—O and Ce—O bonds ranged
between 2.03 to 2.51 A and 2.17 to 2.55 A, respectively. The
distribution of Ce—O distances remained centered in ~2.37 A,
as in the O-saturated bulk structure (see Figure S). That is not
the case for Mn—O average bond length, which changed from
2.34 to 2.15 A. Shorter and longer Mn—O bonds appeared as a
consequence of the O-vacancies formation. Instead of an eight-
fold coordination, characteristic of cations in a fluorite
structure, this O-deficient system displays a different arrange
of oxygen atoms around Mn cations. After the O-vacancies
were introduced, six of the seven remaining oxygen atoms
coordinating with Mnly and Mn4 adopted an octahedral
arrange around these cations. In both cases, the oxygen atoms
excluded from the new atomic configuration are at a 2.86 A
distance from these cations. The situation is different for Mn2g
and Mn3g, which have shorter bond lengths with four oxygen
atoms (2.16 to 2.51 A), while bond lengths with the other four
oxygen atoms are longer (2.65 to 2.76 A).

The O-defective bulk structure with two O-vacancies gave
place to the presence of Mn atoms with different oxidation
states. As can be seen in Table 2, the assigned oxidation states
of Mn2j and Mn3; were (2+); while that for Mnl and Mn4y
was (4+). Meanwhile, Ce atoms maintained an integrated
charge density of 9.6 e, indicating that Ce atoms did not
undergo reduction despite the presence of the two bulk O-
vacancies. Figure 6 shows the four Mn atoms majority-spin-
polarized. Two of these cations (Mn2; and Mn3;) coordinate
with four nonpolarized O atoms each, denoting that the O(2p)
orbitals are filled. This description agrees with the assignment
of (2+) oxidation state to Mn2 and Mn3j cations.

Consequently, the DOS plot (Figure 7) shows these
occupied Mn2;(3d)-O(2p) and Mn3;(3d)-O(2p) states on
and below the Fermi level. This picture indicates that the
electron density left behind by the O-removal could be
transferred to those Mn cations, whereas each of the other two
Mn cations of Figure 6 (Mn1lg and Mn4g), with a formal charge
of (4+), coordinate with six minority spin polarized oxygen
atoms. In the DOS curve, localized gap peaks can be seen
associated with Mnlgz(3d)-O(2p) and Mn45(3d)-O(2p)
unoccupied states.

For completeness, we evaluated Mn oxidation states of the
O-deficient 4NN Mn-distributed system (0.12 €V less stable
than the chosen configuration) and found that the formation of
two O-vacancies on this isolated Mn cation substitution
resulted in (3+) for all Mn-dopant cations.

3.2.2. Surface Structure. The Ceyg;sMng;550;0575(1 1 1)
surface was obtained by the cleavage of the O-defective bulk
structure with the (1 1 1) plane. The formation of this surface
led to Mn—O and Ce—O bond length intervals between 1.92 to
2.55 A and 2.14 to 2.55 A, respectively. The average value and
distribution of Ce—O bond lengths were similar to those in the
previously analyzed bulk systems. However, the distribution of
Mn—O bond lengths became modified due to the formation of
the surface, and the average value changed from 2.1S (in the O-
defective bulk structure) to 2.08 A (see Figure S). The topmost
Mn-dopant cation adopted very short bonds with its
diminished four-fold oxygen coordination sphere, descending
0.30 A beneath the surface.

Spin Bader analysis indicates that surface Mn cations would
be in (3+) oxidation state (see Table 2). Concomitantly, the
DOS curve of the Ceyg;sMng 550;0375(1 1 1) surface shows
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Figure S. Cation-O bond lengths in the O-saturated Ceyg;sMny 550, bulk structure and O-defective Cegg75Mnyg 55019375 bulk and surface
structures.

Table 2. O-Defective Ceg,sMny 1550, 9375 Systems Charge Analysis

system cation Bader charge, e spin magnetization, ug estimated oxidation state
O-defective bulk structure Mnlg 4.98 3.57 4+
Mn2y 5.39 4.84 2+
Mn3, 539 4.84 24
Mniy 498 357 4+
O-defective (1 1 1) surface Mnl S.1§ 4.00 3+
Mn2 S.15 4.16 3+
Mn3 S.1§ 4.15 3+
Mn4 S.1§ 4.13 3+

e o
o,
3
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______A} N
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Figure 6. Spin polarization surface at a 0.05 e A™> isovalue of the

relaxed O-deficient 12.5% Mn-doped 2 X 2 X 2 CeO, Energy(eV)
(Cepg7sMnyg 1550, 0375) bulk structure (top view). Positive and negative

values are indicated in yellow and gray, respectively. Figure 7. DOS plot of the O-defective Cepg7sMng 125019575 bulk.
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several localized unoccupied gap states associated with the
contribution of Mn(3d)—O(2p) states (see Figure 8). The
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Figure 8. DOS plot of the Cegg;sMng 1550;0375(1 1 1) slab.

presence of unfilled gap states coming from Mn?* cations was
also observed in the DOS plot of O-saturated bulk structure.
However, it should be noted that the latter curve shows the
unoccupied Mn(3d)—O(2p) peaks distributed in a continuous
narrow range of energy above the Fermi level (see Figure 4).

3.3. Formation of O-Vacancies on the
Ceps75MNg 125010375 (1 1 1) Surface. 3.3.1. Single O-
Vacancy. To study the ease of CeygrsMng 55010375(1 1 1)
surface reduction and its electronic implications, we performed
energy structure calculations for an O-vacancy formation on
different surface sites.

In Figure 2b, we can see that the catalyst surface exhibits O
atoms with different neighboring cations. The oxygen O3
coordinates with Mn and Ce cations, while 02, OS5, and OS8,
despite not coordinating with a Mn-dopant, are in its vicinity
and near a structural O-vacancy. Finally, O1, O4, and O6
coordinate with Ce cations and are distant to Mn-dopant or
structural O-defects. Thus, we study the formation of an O-
vacancy by removing O2, O3, and O4 atoms because they
represent the different possible surface oxygen sites.

The energy required to form a surface O-vacancy
(AEgut0vac) was calculated as:

AEgu0-vac. = E [OVac—Ce0_875Mn0_12501_9375 (111)]

1
EE[Oz] — E[Cegg7sMny 1550, g375(111)]

where E[Ceg7sMng1550;.0375(1 1 1)], E[OVac-
Cegg7sMng 12501 0375(1 1 1)], and E[O,] are the energies of
the relaxed (1 1 1) surface slabs before and after introducing a
surface O-vacancy and the energy of the O molecule in vacuum,
respectively. Note that in this case positive values indicate that
energy is needed to form the O-vacancies.

The calculated energy values for O4-, O3-, and O2-defect
creation were 0.38, 0.66, and 0.77 eV, respectively. A
correlation was noticed between the O-vacancy formation
energy (O4 < O3 < 02) and the average O-metal cation bond
lengths, which are 2.33, 2.23, and 2.15 A, respectively.

To understand the influence of Mn in the mobility of the
oxygen atoms of the system, we studied the anionic
displacements after performing these surface O vacancies.
Figures 9 and 10 show the final position of the anions after
removing O3 and O4, respectively. The arrows indicate the

(a) Top view.
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Figure 9. Ce(g7sMng 1550;0575(1 1 1) slab without O3. The arrows
indicate the direction of displacement for the atoms from their original
position in Cegg7sMng 5501 0375(1 1 1).

direction of the displacement of these oxygen atoms from their
original position in the CeggrsMng1550;10375(1 1 1) system.
When O3-vacancy was performed, many neighboring surface
and subsurface O-atoms (see Figure 9a) suffered strong
relaxations while displacing toward the hole left by the O-
removal. As can be seen in Figure 9b, inner O-atoms also
moved considerably. Meanwhile, after O4 removal, its hole is
directly replenished by O12 (see Figure 10a), which suffers a
very significant displacement of 1.79 A toward O4 original
position. Figure 10b, shows less inner oxygen movements due
to O4 removal than in the case of O3-vacancy formation. Note
that in both single surface oxygen vacancy formations, O3- or
O4-defect, neighboring surface and inner O atoms moved
toward the hole corresponding to that O-defect.

We performed charge analysis on the O-defective slab with a
single surface O-vacancy to obtain some electronic information
of the reduced Cejg,sMng15509375(1 1 1) surface. On one
hand, when O3 was removed, Mnl and Mn2 went reduced
from Mn** to Mn?* (see Table 3). The density of states
indicates that the peaks corresponding to the unoccupied
Mn1(3d) and Mn2(3d) states, located in the gap, disappear
after making the O3-vacancy (see Figure Slab, Supporting
Information).

On the other hand, when O4 was removed, Mn2 and Mn3
became reduced (see Table 3) and adopted the (2+) oxidation
state. The corresponding projected DOS plot of Mn2(3d) and
Mn3(3d) orbitals also showed the disappearance of these
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Figure 10. Ceyg;sMng 1550 90625(1 1 1) system without O4. The
arrows indicating the direction of displacements for the atoms from
their original position in Ceyg;sMng 1250;0375(1 1 1).

empty states due to the O3 removal (Figure S2a,b, Supporting
Information). We also noticed that the reduction of Mn1, Mn2,
and Mn3 cations to Mn*" has a consequential formation of new
Mn(3d) states at the Fermi level.

This calculation was also performed on the same slab with
three and six fixed layers. For the slab with six fixed layers, a
surface Ce cation, instead of Mn3, underwent reduction.
However, for the slab with three fixed layers, no changes in
location of Mn** and Mn*" were observed, evidencing the
reduction of Mn before that of Ce cations, which agrees with
experimental reported H,-TPR results.®

3.3.2. Double O-Vacancies. According to the energy values
calculated for a surface O-defect creation on the
Cepg7sMng 15501 9375(1 1 1) slab, O4 and O3 would be the
first and second most favorable oxygen atoms to be released by
this system. To study the easy of performing a second O-defect,
we removed O3 from the surface with O4 vacancy. Thus, the
O3-vacancy formation energy after O4 was already removed
(AEgy20vac) Was calculated as:

AEgu20-vae. = E [2Ovac‘Ceo.s75Mno.12501.9375 (111)]

1
+ —E[O
SELO,]

- [Ovac'ceo.s75Mno.12501.9375 (111)]

where E[20Vac-Ceyg;sMng1550,03,5(1 1 1)], E[OVac-
Cegg7sMng125010375(1 1 1)], and E[O,] are the energies of
the relaxed surface slabs with O4- and O3-vacancies, O4-
vacancy, and the energy of the O, molecule in vacuum,
respectively.

With this calculation, we obtained a value of 2.28 eV for the
second surface O-defect creation. Similarly to the formation of
a single-surface O3-vacancy, the removal of O3 after that of O4
led to a similar O-mobility pattern. We found analogous oxygen
displacements in the surface, subsurface, and inner layers in
both cases.

Concerning the electronic implications of two surface O-
vacancies formation (O4 and O3), we notice that not only
three Mn cations but also one surface Ce became reduced. The
Bader analysis of spin density shown in Table 4 indicates that

Table 4. Charge Analysis of the O-Defective
Cegg7sMng 1,50, 0375(1 1 1) Slab with Two Surface O-
Vacancies

cation Bader charge, e spin magnetization, sy  estimated oxidation state
Mnl 5.46 4.80 2+
Mn2 5.41 4.82 2+
Mn3 5.40 4.84 2+
Mn4 S.13 4.00 3+
Ce3 9.94 0.98 3+

Mnl, Mn2, and Mn3 were in the (2+) oxidation state, while
Ce3 (see the label in Figure 2b) was reduced to Ce*. The net
spin isosurface shown in Figure 11 evidences the characteristic
spin-majority spatial distribution of Ce3(4f) orbitals, which is
similar to that found for Ce* in CeO,.'**”*! Figure 11 also
evidence the difference in charge between Mn cations of the
first three cationic layers (Mnl, Mn2, and Mn3: Mn**) and
Mn4 (Mn*").

Table 3. Charge Analysis of the O-Defective Ceyg,sMng 1,501 9375(1 1 1) Slab with a Single Surface O-Vacancy

system cation Bader charge, e spin magnetization, pg estimated oxidation state
O3-vacancy Mnl 541 4.81 2+
Mn2 542 4.81 2+
Mn3 5.13 4.19 3+
Mn4 5.14 4.03 3+
O4-vacancy Mnl S.16 3.99 3+
Mn2 5.46 4.81 2+
Mn3 5.40 4.83 2+
Mn4 S.18 4.13 3+
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Figure 12. DOS plot of the O-defective CegrsMng1550;9375(1 1 1)
surface without O3 and O4.

states on the Fermi level and the localized Mn(3d) peak,
corresponding to Mn4 cation in (3+) oxidation state, very close
to the bottom of the CB. Note that there are not localized Mn]1,
Mn2, and Mn3 unoccupied Mn(3d) gap states, which
disappeared after making the O4- and O3-vacancies.

3.4. Discussion. The doping of CeO, fluorite-type structure
with 12.5% (cationic content) of Mn resulted in a slight
reduction of its lattice parameter from $.49 to 5.463 A, which
accords with reported experimental data noticing a small lattice
parameter shrinkage for MnO,—CeO, solid solutions.””

The O-saturated bulk structure showed modifications in Ce—
O bond lengths, which changed from the regular pattern of 2.34
A to longer bonds in the 2.36 to 2.38 A range. According to our
spin-polarized electronic analysis, Ce atoms were present as
Ce*, while Mn cations adopted the (3+) oxidation state. The
origin of these Mn>* cations could lie in some O(2p)—Mn(3d)
charge transference, with the consequential formation of O(2p)
holes in the VB.'" This charge donation was reflected as
unfilled gap states just above the Fermi level of our DOS plot.

The formation of two O-vacancies in the 12.5% Mn-doped
CeO, solid solution resulted in a more stable bulk structure
(AEgu 20.vac= —2:23 eV), with two Mn-dopant ions adopting
Mn>* and Mn*" states in each case. In addition, Ce cation
oxidation state remained unchanged despite the creation of two

18071

bulk O-vacancies. Concerning the DOS plot of the O-defective
bulk structure, we observed changes in the electronic structure
of the host CeO, lattice mainly due to the presence of new
states coming from Mn(3d)—O(2p) interactions. There are
unfilled states located at the gap corresponding to Mn*" cations
and occupied states at the Fermi level formed by contributions
of the reduced Mn>" ions.

The stability of our O-defective bulk structure is in
accordance with reported experimental studies, which have
shown that Mn>' ions selectively substitute the Ce** sites,
causing the formation of oxygen vacancies in Ce—Mn mixed
oxides with a low Mn content.” The authors argued that Mn?*
cations with similar ionic radius to that of Ce*" (0.83 and 0.97
A, respectively45) can occupy the Ce** sites by isomorphous
substitution forming oxygen vacancies to maintain the charge
balance. The presence of lattice O-defects is also supported by
other experimental works.”'"'*'*

The creation of the (1 1 1) surface was accompanied by an
important atomic relaxation with the consequential charge
redistribution, changing the oxidation state of surface Mn atoms
to (3+). The topmost Mn-dopant cation adopted short bonds
with its diminished four-fold oxygen coordination sphere
modifying its oxidation state to Mn>*, whose ionic radius is
smaller than that of Ce* (0.58 and 0.97 A, respectively).
Therefore, the other Mn cations, which have five-fold
coordination, also changed to Mn®* to maintain the electro-
neutrality of the slab. The presence of Mn>* species in our
surface model accords with the indications of experimental
measurements for Mn—Ce mixed oxides with various Mn
contents, showing that Mn>* cations seem to occupy the surface
sites of CeQ, crystals,"”' ">~ whereas the DOS curve of
the Cegg;sMng 1550;9375(1 1 1) slab shows unfilled Mn(3d)-
O(2p) gap states. The presence of these states could involve
some O(2p)—Mn(3d) charge transfer, suggesting the for-
mation of surface-activated oxygen species. In this regard, it has
been reported that strong Mn—Ce interactions and high
average oxidation number of Mn and Ce ions greatly promote
reactive surface oxygen availability in MnCeO, catalyst.*®

The formation of a single O-vacancy on the
Ceo87sMng125010375(1 1 1) surface was easy (AEsyugovae =
0.38 V) and lead to strong geometric relaxation of subsurface
and inner-layer oxygen atoms. When an O atom (0O3)
coordinating with a Mn cation (Mnl) was removed, we
detected high surface and inner anionic movements toward the
hole left by this removal. When an O atom (O4) not so close to
Mnl was removed, we observed less average anionic move-
ment, but an oxygen near-neighbor to Mnl adopted the
original O4 position. These facts suggest that Mn-doped CeO,
would release more easily those O atoms neighboring Mn
cations, increasing the oxygen surface availability and anionic
mobility.

In addition, the formation of a single surface O-defect was
accompanied by the reductlon of two Mn®" cations to Mn**
Previous theoretical works®*’ have shown that creation of
surface O-vacancies in Zr-doped CeO,(1 1 1) slab resulted in
reduction of Ce*" cations to Ce*". However, Mn has a high
reduction/oxidation facility and presents several oxidation
states,” and thus the excess two electrons left by a single O-
vacancy creation in the Ceyg;sMng;550;9375(1 1 1) surface
could occupy the Mn(3d) states instead of the Ce(4f) states.
Therefore, the half occupation of Mn(3d) states resulted in the
formation of stable Mn** ions."*°
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Moreover, we found that the energy required for the
formation of two surface oxygen defects on the
Cepg7sMng 15501 9375(1 1 1) slab was similar to that needed
for the creation of a single surface O-vacancy on CeO,(1 1 1)
(2.66 vs 2.69 eV, respectively).

After this second O-vacancy formation, three Mn cations
became reduced to Mn**, and also one Ce atom underwent
reduction to Ce*. Noticeably, one of the Mn cations and the
Ce atom are surface nearest-neighbors of the removed oxygen
atoms, while the other two Mn cations are located on the
second and third cationic layers. This result is in accordance
with experimental reports about the surface O-vacancy effect on
the oxidation state of inner-layer Mn-dopant cations”'”** and
could be observed due to our model including structural O-
defects and Mn atoms in all cationic layers. It evidenced high
oxygen mobility and reduction of three Mn cations and one Ce
atom after the formation of double-surface O-defect.

Our calculations showed that Mn-dopant reduced the energy
required for creation of O-vacancies in CeO,(1 1 1) surface,
which led to the formation of Mn**/Mn*" pairs and reduction
of a Ce*" cation to Ce® only after further surface O-defects
formation. This result suggests a synergistic effect between
MnO, and CeO, centers and accords with combined H,-TPR
and XPS data showing that reduction of Mn** and Ce*" cations
in CeyoMn, 0, ;5 was shifted to lower temperature compared
with that in Mn,O; and CeO,, respectively."

4. CONCLUSIONS

In this work, we performed DFT+U periodic calculations to
characterize in detail the 12.5% Mn-doped CeO, solid solution.
The calculations indicated that Mn*" cations could substitute
Ce*" ions, leading to the formation of structural O-vacancies in
the host CeO, lattice. Charge redistribution occurred upon the
creation of the Ceyg;sMng 550;0375(1 1 1) surface, where Mn
adopted the Mn®" charge state.

The formation of a single O-vacancy on
Cepg7sMng 1550 9375(1 1 1) surface was much easier than that
on CeO,(1 1 1), which could be related to Ce—O bond
enlargement because of Mn doping, and two Mn cations
became reduced. Even more, the creation of two oxygen
vacancies on the Mn-doped CeO,(1 1 1) surface required
similar energy to that for the formation of a single O-vacancy
on the bare host surface. Noticeably, the double O-removal led
to the reduction of three Mn cations and also one Ce atom. In
both single and double O-vacancy formation cases, surface and
inner-layer oxygen atoms experienced important relaxations as
moving to the hole left by those vacancies.

Our results evidence the effect of Mn-dopant in promoting
the formation of structural O-defects, surface active oxygen
atoms release, and bulk anionic mobility and could help to
explain the significant performance of Mn-doped CeO, in
oxidation reactions.
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