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ABSTRACT: The interaction and mechanism for CO oxidation on the Mn/
CeO2(111) surface have been studied by using periodic density functional
theory calculations corrected with the on-site Coulomb interaction via a
Hubbard term (DFT + U). It is found that the Mn dopant facilitates oxygen
vacancy formation, while the Mn adatoms may restrain oxygen vacancy
formation. In addition, physisorbed CO, physisorbed CO2 ,and chemisorbed
CO (carbonite, CO2

−) species are observed on the Mn-doped CeO2(111)
surface, in contrast, only physisorbed CO is found on the pure CeO2(111)
surface. The vibrational frequency calculations as well as the calculated adsorption energies are carried to characterize these
species. The Mn dopant promotes CO oxidation without any activation energy leading to O vacancy formation and CO2
desorption. The Bader charge analysis is carried to characterize the oxidation state of Mn ions along the catalytic cycle.

1. INTRODUCTION

Ceria (CeO2) is one of the most efficient catalysts due to its
unique oxygen storage properties.1 However, pure ceria cannot
satisfactorily fulfill the elevated activity demands for the CO
oxidation catalyst owing to its limited oxygen storage capacity
(OSC) and its insufficient thermal stability. Several exper-
imental2 and theoretical3−5 studies have demonstrated the
surface selectivity for the CO oxidation and showed that CO
does not adsorb on the stoichiometric CeO2(111) surface. One
of the effective strategies to tackle these problems is to modify
ceria with other metal elements. Shapovalov and Metiu6 and
Camellone and Fabris7 showed that the (111) surface of ceria
can be made reactive to CO oxidation by doping of the surface
with Au theoretically. Yang et al.8 also showed the same
behavior on the Cu-doped CeO2(111) surface using the DFT +
U methods. Recently, studies of Ti-, Zr-, and Hf-doped
CeO2(110) surfaces reported by Nolan9 and La-doped (111)
and (110) surfaces reported by Yeriskin and Nolan10 have
shown that the doped surfaces are more reactive to CO
adsorption than the undoped ones. The enhancement for CO
oxidation by the doping of CeO2 with other metals have also
been evidenced by the experimental investigations.11−15

The manganese−cerium oxides have been extensively
identified as a promising and cost-effective catalyst for many
important processes, such as oxidation of CO or small
hydrocarbon molecules.16−20 The reactivity of the modified
ceria catalysts is controlled by several factors, such as the size of
the metal particle, the pretreatment conditions resulting in
different morphology of the catalysts, and the interaction
between adding metal and the oxide. As a result, the nature of
the active sites on the doping of ceria with other metals and the
reaction mechanisms for CO oxidation are still subjects of
debate. Higher OSC of Ce1−xMnxO2 (x = 0.0−0.2) catalysts

have been synthesized and characterized in the literature.16 The
oxidation state of Mn in the Ce1−xMnxO2 may play a curial role
during the CO oxidation reaction. To the best our knowledge,
no molecular-level study on CO oxidation on Mn/CeO2
catalysts is available although understanding of the detailed
reaction mechanism at the molecular level is very vital for the
rational design of novel catalysts for the low temperature CO
oxidation.
In the present work, we attempt to address the CO

adsorption and the detailed reaction mechanisms of CO
oxidation catalyzed by Mn/CeO2 (111). The oxidation states of
Mn ions of these catalysts are also characterized. In addition,
the step of healing the oxygen vacancies by molecular oxygen is
studied to complete a full catalytic cycle for CO oxidation.
The article is organized as follows. The computational details

are presented in section 2. The calculated results including the
oxygen formation energy of the Mn-doped CeO2 system, the
interaction of Mn adatoms with the stoichometric CeO2(111)
surface, the adsorption of CO on these surfaces, and the
relevant mechanisms for CO oxidation are presented in section
3. A brief summary is given in section 4.

2. COMPUTATIONAL METHODS
Spin-polarized density functional theory (DFT) plane wave
calculations were performed by using the Vienna ab initio
simulation package (VASP)21,22 with the projector augmented
wave method (PAW).23 The electron exchange-correlation
functional was treated within the generalized gradient
approximation (GGA) with the Perdew−Wang 91 (PW91)
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exchange-correlation functional.24−26 The calculations were
carried out using the Brillouim zone sampled with (3 × 3 × 3)
and (3 × 3 × 1) Monkhorst-Pack27 mesh k-points grid for bulk
and surface calculations, respectively, and with a cutoff energy
of 400 eV, which allows to be converged to 0.01 eV in the total
energy. Since regular DFT methods have been found unable to
describe the localization of the Ce4f states in the reduced
ceria,28−31 the DFT with the Hubbard U term (DFT + U)
method32 was applied to accurately correct the strong on-site
Coulomb interactions of Ce4f states.

28−31,33 Previous studies
have showed that there is no general rule on a correct U value
to describe the localized 4f orbitals of Ce. The proposed U
values seem to depend on the oxidation states of Ce and the
functional used. For example, Loschen et al.34 proposed a well-
balanced U value of 5−6 eV for LDA + U calculations and 2−3
eV for GGA + U calculations. Andersson et al.35 clarified that
the U value must satisfy the criteria of U > 6 eV for LDA
calculations and U > 5 eV for GGA calculations to exactly
predict the ground state of Ce2Ox. As such, we chose U = 6.3
eV, which has been shown to work well for the metal-doped
ceria.36−40

The 12.5% Mn-doped ceria, Ce0.875Mn0.125O2 was modeled
by introducing Mn dopants to substitute Ce atoms in the
supercell. The reduced systems were created by removing one
oxygen atom resulting in an oxygen vacancy concentration of
6.25%. For the surface model, we examined only the (111)
surface to characterize the CO−Ce0.875Mn0.125O2 interactions
because the (111) surface is energetically the most stable41−43

among the low-index CeO2(111), (110), and (100) surfaces. As
shown in Figure 1, the CeO2 and Ce0.875Mn0.125O2(111) surface
models with 12 atomic layers, a p(√3 × 2) lateral cell, was
constructed. In order to examine the effect of Mn cation for
CO oxidation, for the Ce0.875Mn0.125O2(111) surface, one Ce
atom of the outermost Ce layer on each side of the p(√3 × 2)
CeO2(111) slab was replaced by an Mn atom. The bottom six
layers of the surface model were fixed to the estimated bulk
parameters, while the remaining layers were fully optimized. A
vacuum space greater than 15 Å was introduced to prevent
interactions between slabs. The adsorption energies were
calculated by ΔEads = E[surface−adsorbate] − E[surface] −
E[adsorbate], where E[surface−adsorbate], E[surface], and
E[adsorbate] are the calculated electronic energies of adsorbed
species on the surface, the bare surface, and the adsorbate in the
gas phase, respectively. The climbing image nudged elastic band
(CI-NEB) method44,45 was applied to map out MEPs after
locating plausible local minima. All transition states were
verified by the number of imaginary frequencies (NIMG) with
NIMG = 1. The charge density difference was carried out using
the expression Δρdiff = ρ[surface + adsorbate] − ρ[surface] −
ρ[adsorbate], where ρ[surface + adsorbate], ρ[surface], and
ρ[adsorbate] are the charge density of adsorbed species on the
surface, the bare surface, and the adsorbate, respectively.

3. RESULTS AND DISCUSSION
3.1. Bulk and Surface of Mn-Doped Ceria. To ensure

the reliability of the computational results, we first predicted
bulk lattice constants and compared them with the
experimental values. The geometries of stoichiometric and
reduced bulk Mn-doped CeO2 were optimized at GGA + U
levels with considering spin polarization. One should note that
the external (cell volume and cell shape) and internal (atomic
ions and lattice parameters) degrees of freedom were allowed
to relax until forces and stress vanished in the bulk calculations.

The larger cutoff energy and very high-accurate energy were
carried to avoid the Pulay stress and related problems. The
predicted lattice constant of bulk 12.5% Mn-doped ceria is 5.39
Å, while that for bulk CeO2 is 5.45 Å. The theoretical values are
close to the experimental values of 5.4146 and 5.4116 Å for bulk
CeO2 and Mn-doped ceria. The optimized Ce8O16 unit has all
Ce−O bond lengths equal to 2.36 Å, while optimized
Ce0.875Mn0.125O2 shows geometric distortions of the oxygen
lattice with the longer Ce−O bonds averaging 2.35 Å and the
average of shorter Mn−O bonds at 2.22 Å.
The oxygen vacancy formation is described by the reaction of

Ce1−xMxO2 → Ce1−xMxO2−δ + 1/2O2.
47 The oxygen vacancy

formation energy, Ef, was computed according to eq 1:

= + −δ− − −E E E E(Ce M O ) 1/2 (O ) (Ce M O )x x x xf 1 2 2 1 2
(1)

where E(Ce1−xMxO2) indicates the energy of the bulk or
surface Ce1−xMxO2, E(O2) is the energy of a gas-phase O2, and
E(Ce1−xMxO2−δ) is the energy of the bulk in the presence of
one oxygen vacancy. In the present, we only show the
formation of oxygen vacancy neighboring the Mn dopant
because the required energy for the vacancy further away from
Mn dopant is close to the undoped CeO2. The calculated Ef of
Ce0.875Mn0.125O2 is 0.73 and 0.88 eV depending on the different

Figure 1. (a) Side view and (b) top view of the CeO2(111) surface.
CeT, CeB, OT, OB, and OH correspond to active sites for Ce top, Ce
bridge, O top, O bridge, and O hollow sites, respectively. (c) Side view
and (d) top view of the Ce0.875Mn0.125O2(111) surface model. I, II, III,
IV, V, and VI correspond to active sites for O1−O4-long, O2−O4-
long, O1−O2-long, O1−O4-short, O3−O4-long, and O2−O3-short
sites, respectively. Yellow, red, white, and purple spheres represent the
top-layer O, O, Ce, and Mn atoms, respectively. A rectangle represents
the supercell used in this work.
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coordination shell of the Mn−O bond.36 Compared to CeO2

and Ce0.875M0.125O2 (M = Zr, Fe, and Ru), the smaller Ef (0.73
eV for Ce0.875Mn0.125O2; 3.20 eV for CeO2; and 2.03,37 1.05,39

and 1.0340 eV for M = Zr, Fe, and Ru of Ce0.875M0.125O2)
indicates that Ce0.875Mn0.125O2 may show higher OSC property
than CeO2 and other Ce0.875M0.125O2 for M = Zr, Fe, and Ru.
The relaxed structure of 12.5% Mn-doped CeO2(111)

surface in which two Ce atoms are replaced by two Mn
atoms is shown in Figure 1c. The predicted surface O vacancy
formation energies are shown in Table 1. The formation
energies of the various nonequivalent surface oxygen of the top-
layer are 0.58, 0.71, 0.64, and 1.89 eV. The nearest neighbor
oxygen anions (O1, O2, and O4, see Figure 1d) to Mn cations
have much smaller formation energies than that for the
undoped CeO2(111) surface (2.08 eV) indicating that O
vacancy formation is very much facilitated by Mn doping. The
formation of a second oxygen vacancy from the O2 site on the
optimized surface, with an O vacancy at the O1 site already
present (denoted as V*(O2)), also needs less energy with an Ef
of 1.29 eV. Although it costs more to make the second vacancy
than the first one, the vacancy formation energy is still smaller
than that of the pure surface. Therefore, the Mn dopant may
serve as the seed for the formation of oxygen vacancy clusters
on the ceria surfaces.

The stoichometric CeO2(111) system is known to be an
insulator, and the features of the electronic density of states
(DOS) shown in Figure 2a are well in agreement with previous
DFT + U results.8 We found that one new feature appears in
the band gap, labeled A and B (Figure 2b), which is contributed
from the overlap between the Mn(d) states and the O(p) states
resulting in the Mn−O binding. Interestingly, no Ce(f) state is
found in the band gap indicating that no Ce4+ reduces to Ce3+.
This is corroborated by the Bader charge calculations, which are
carried to characterize the oxidation states in bulk and surface
Ce0.875Mn0.125O2. In order to assign the oxidation states of Mn
and Ce in the stoichometric Mn-doped CeO2, we did the Bader
charge analyses for stoichometric MnO2 and CeO2; the
calculated Bader charges of Mn and Ce in the stoichometric
MnO2 (the oxidation state of Mn is +4) and CeO2 (the
oxidation state of Ce is +4) are 4.95 and 9.60 e. The calculated
Bader charges of Mn and Ce in stoichometric bulk and surface
Ce0.875Mn0.125O2 are ∼5.03 e and ∼9.60 e, which are close to
those of MnO2 (4.95 e) and CeO2 (9.60 e). Accordingly, in
both cases, the oxidation state for Mn and Ce are characterized
as +4 and +4. For reduced Ce2O3 (the oxidation state of
reduced Ce is +3), the calculated Bader charge of reduced Ce is
9.90 e. In reduced Ce0.875Mn0.125O2‑δ, the Mn neighboring the
O vacancy is still in the +4 oxidation state (the Bader charge is

Table 1. Lattice Constants and O Vacancy Formation Energy (Ef) of CeO2 and Ce0.875Mn0.125O2 materials

lattice constants Ef (eV)

species unreduced reduced vacancy position bulk surface

CeO2 5.45(5.41)a 5.50 3.27 2.20
Ce0.875Mn0.125O2 5.39 5.45(5.42)a VO1b 0.73, 0.88d 0.58

VO2 0.71
VO3 1.89
VO4 0.64
V*(O2)c 1.29

aThe values in parentheses are the experimental data. bThe labeling of the O atoms is shown in Figure 1d. VO1 means that O1 has been removed
and so on. cSecond vacancy after VO1. dThe different formation energies are calculated from the different coordination shell of the Mn−O bond.

Figure 2. Density of states (DOS) and local density of states (LDOS) for (a) CeO2(111) surface, (b) a single Mn atom adsorbed at the hollow site
of CeO2(111) surface, and (c) Ce0.875Mn0.125O2(111) surface. The black dashed, black solid, blue, red, and purple lines represent total, Ce(f), Ce(d),
O(p), and Mn(d), respectively. The energy at E = 0 eV represents the Fermi energy.
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within 5.05 and 5.07 e), while the Ce4+ neighboring the O
vacancy is reduced to Ce3+ (the Bader charge is 9.90 e).
3.2. Mn/CeO2(111) Surface. Plausible intermediates for

the Mn/CeO2 interactions were initially optimized by placing a
single Mn atom at different active sites on the (111) surface,
including Ce-top, O-top, Ce−Ce bridge, O−O bridge, and O-
hollow, corresponding to CeT, OT, CeB, OB, and OH,
respectively, as illustrated in Figure 1b. All optimized structures
are presented in Figure S1, Supporting Information. Table 2

displays the relative adsorption energies and the calculated
Bader charge of Mn atom in these configurations. It is found
that the interactions between the Mn atom and the
stoichiometric CeO2(111) surface including charge transfer
from the Mn atom to the surface yield the reduction of Ce ions.
The Mn adsorbed at the O-hollow site is found to be the most
stable adsorption configuration of the Mn/CeO2(111) system.
The predicted adsorption energy and Mn−O distance are

−4.87 eV and 1.96 Å. The Bader charge analysis for the Mn
adatom at the O-hollow site reveals that ∼1.37 e is transferred
from the metal to the oxide resulting in the formation of a
positively charged Mn2+ cation, see Table 2. The excess charge
in the oxide is mostly localized around the surface O atoms
bound to Mn and on the three Ce4+ ions, which reduce to Ce3+

(the calculated Bader charge is ∼9.90 e). The vacancy
formation energy of Mn/CeO2 system is calculated to be
3.05 eV by removing one of the three equivalent nearest
neighbor surface O atoms bound to the Mn atom. This value is
larger than that for pure CeO2(111), suggesting that Mn
adsorption on the CeO2(111) surface may suppress O vacancy
formation. A similar behavior is also found at Cu/ and Fe/
CeO2 catalysts.

8,39

In addition, the Mn adsorbed at the surface O vacancy site of
the partially reduced CeO2−x(111) surface is also studied. The
adsorption energy is −2.39 eV, which is less stable than those
for an Mn adsorbed on the stoichiometric CeO2(111) surface
indicating that the Mn atom is not likely to occupy at an O
lattice site. The Bader charge analysis reveals that ∼0.23 e is
transferred from the oxide to the metal resulting in the
formation of a negatively charged Mnδ−. Accordingly, one of
two Ce3+ is oxidized to Ce4+ after Mn is adsorbed at the surface
O vacancy. The adsorption energy of an Mn adsorbed at the O
hollow site on the partially reduced CeO2−x(111) surface is
calculated to be −4.19 eV. It turns out that the Mn atom
prefers to localize at the O hollow site even on the partially
reduced CeO2−x(111) surface. According to the Bader charge
analysis, the two excess electrons created by the O vacancy
formation give rise to a charge transfer (0.13 e) from the oxide
surface to Mn atom, while the remaining 1.87 e are mainly
transferred to the three Ce ions in the second atomic layer of
the surface. However, the adsorbed Mn atom still remains
positively charged in the Mn/CeO2−x system, only except for
the Mn adsorbed at the O vacancy (see Table 2).

Table 2. Adsorption Energies (Eads) of an Mn Adstom on the
Stoichiometric CeO2(111) Surface As Well As on an O and
Ce Vacancy and the Calculated Bader Charge of an Mn
Atom in These Configurationsa.

adsorption site Eads (eV) Mn

Ce top −4.76 5.62 (Mn2+)
Ce bridge −4.28 5.63 (Mn2+)
O top −2.35 6.27 (Mnδ+)

O bridge −4.87 5.73 (Mn2+)
O hollow −4.89 5.63 (Mn2+)
VO −4.19 7.23 (Mnδ‑)

O hollow (VO) −2.39 5.70 (Mn2+)
VCe 11.42 5.03 (Mn4+)

a.Calculated Bader charges of Mn in MnO and MnO2 are 5.54 and
4.95 e, respectively.

Table 3. Adsorption Energies (Eads) and Calculated Frequencies of CO on Stoichiometric CeO2(111), Mn/CeO2(111), and
Ce0.875Mn0.125O2(111) Surfaces

a

adsorption site CeO2 (eV) frequency (cm−1) Ce0.875Mn0.125O2 (eV) frequency (cm−1) Mn/CeO2 (eV) frequency (cm−1)

physisorption
Ce1 top −0.19 2140 −0.29 2161 −0.03 2132
Ce2 top −0.17 2196 −0.24 2109 −0.11 2121
Ce3 top −0.17 2124 −0.18 2106 −0.04 2117
O1 top −0.01 2113 −0.06 2196
O3 top −0.03 2113 −0.78 2084
O4 top −0.01 2113 −0.15 2104 −0.81 2104
Mn top −0.85 2054
O1−O4-long −0.27 2138
O2−O4-long −0.26 2131
O3−O4-long −0.34 2128
O2−O3-short −0.18 2133
chemisorption
Mn top −2.05 1790
O−1O2-long −1.44 1690
O1−O4-short −1.91 1765
CO2 formation
O1 top −2.84 2388 1315 619
O2 top −2.86 2386 1318 632
O3 top −2.73 2384 1313 618

aThe calculated frequencies are 2136 cm−1 for a gas-phase CO and 2377, 1321, and 644 cm−1 for a gas-phase CO2. I, II, III, IV, V, and VI
corresponds to active sites for O1−O4-long, O2−O4-long, O1−O2-long, O1−O4-short, O3−O4-long, and O2−O3-short sites, respectively.
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3.3. CO Adsorption and Oxidation on Mn-Modified
CeO2(111) Surfaces. Because of either not binding or binding
very weakly for the adsorption O-end toward the surface, we
only discuss adsorption with the C-end toward the surface. As
shown in Table 3, only weak physisorption of CO on the
stoichiometric CeO2(111) is found. The result is consistent
with the previous studies reported by Huang and Fabris,3

Nolan and Watson,4 and Yang et al.5 In this study, we explore
whether the Mn-modified ceria changes this state of matter.
The interactions of a CO molecule with Mn/CeO2(111) and
Ce0.875Mn0.125O2(111) surface were studied.
3.3.1. CO Adsorption and Oxidation on Mn/CeO2(111)

Surface. The adsorption of a CO molecule on an Mn adatom
in the lowest-energy O hollow site is studied. The predicted
structures of CO/Mn/CeO2(111) are shown in Figure S2,

Supporting Information. The CO adsorbed perpendicularly at
the Mn adatom is energetically the most stable one among all
the calculated structures of CO/Mn/CeO2(111). The calcu-
lated adsorption energy and frequency of the C−O are −0.85
eV and 2054 cm−1. The next stable one is found to be the CO
tilting adsorbed at the bridge of Mn and O4 adatoms with an
adsorption energy of −0.81 eV. The C−O bond lengths of the
adsorbed CO molecule are 1.15 and 1.16 Å, essentially
unaffected with respect to the calculated value (1.14 Å) of
the CO gas-phase; the Mn−C distances are 2.00 and 2.03 Å.
However, the CO adsorption on the Mn/CeO2(111) surface
becomes stronger than that on the pure CeO2 (111) surface.
The oxidation of CO catalyzed by Mn/CeO2(111) has been

addressed, and the calculated reaction mechanism is illustrated
in Figure 3 including the following elementary steps:

Figure 3. Calculated reaction mechanism and corresponding energies for CO oxidation catalyzed by a supported Mn atom adsorbed at the hollow
site of the CeO2(111) surface. The relevant bond lengths indicated in the top panels are expressed in angstroms, and the relative energies in the
potential energy diagram are expressed in eV.

Figure 4. Side view for the optimized structures of CO physisorption on the Ce0.875Mn0.125O2(111) surface: (a) Ce1, (b) Ce2, (c) Ce3, (d) O4, (e)
O1−O4-long, (f) O2−O3-short, (g) O2−O4-long, and (h) O3−O4-long.
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First, the CO adsorbs at Mn adatom to form LM1
intermediate with an exothermicity of 0.85 eV. The LM1
isomerizes to LM2 in which the CO tilts from the surface with
a slight barrier of 0.16 eV. Then, the adsorbed CO in LM2
oxidizes via a lattice oxygen atom leading to CO2 desorption
and O vacancy formation. This process is the rate-limiting step
of the overall reaction with a barrier of 0.84 eV. The overall
reaction is slightly exothermic by about 0.28 eV. During the
oxidation, the Mn adatom only receives ∼0.07 e (the Bader
charge of Mn changes from 5.63 to 5.70 e, see Table 2) from
the surface and still remains positively charged (Mn2+). The
formation of a CO2 from the adsorption of CO at the O hollow
site of the Mn/CeO2(111) surface can be neglected due to
requirement of a high barrier of 0.84 eV.
3 . 3 . 2 . CO Ad s o r p t i o n and Ox i d a t i o n on

Ce0.875Mn0.125O2(111) Surface. To describe the interactions
between a CO molecule and the Ce0.875Mn0.125O2(111) surface,
a CO molecule is placed at the various sites on the
Ce0.875Mn0.125O2(111) surface, including Ce-top, O-top, Mn-
top, and O−O bridge, sites, as seen in Figure 1d. Our
calculations show that the interactions can divide into three
types of adsorption: CO physisorption, CO chemisorption, and
CO2 formation. The optimized configurations of CO
physisorption, CO chemisorption, and CO2 formation are
depicted in Figures 4−6, respectively. The calculated
adsorption energies of all optimized configurations are shown
in Table 3.
CO physisorption is observed at the Ce1, Ce2, Ce3, and O4

top sites as well as at the O-bridge sites (O1−O4-long, O2−
O4-long, O3−O4-long, and O2−O3-short). As shown in Table
3, the adsorption energies are between −0.18 and −0.34 eV,

which is close to those (0.08 and −0.17 eV) for the CO
physisorption on the pure CeO2(111) surface. Different from
the CeO2(111) surface, CO chemisorption is found to occur at
the Mn top and the O1−O2-long and O1−O4-short bridge
sites. The adsorbed CO binds to one surface oxygen ion
forming a carbonite-like species with the CO tilting from the
surface. The adsorption energies for the carbonite-like species
are −1.91 and −1.44 eV. The C−O and C−Osurf bond
distances are 1.20−1.22 and 1.31−1. 32 Å, which are elongated
compared to that of a free CO molecule (1.18 Å). A Bader
charge analysis gives net charges of −0.78 to −0.92 e (see
Figure 7b,c) for the carbonite-like species and seems to be a

reasonable value for a bound CO2
− ion. The other CO

chemisorption is bound to the surface Mn ions with an
adsorption energy of −2.05 eV. The C−O and C−Mn bond
distances are 1.20 and 2.11 Å, respectively. A Bader charge
analysis gives net charges of −0.74 e (see Figure 7a) for this
species indicating a charge transfer from the Mn ion to the CO
adsorption. Interestingly, a CO molecule placed at the top of

Figure 5. Side view and top view for the optimized structures of CO
chemisorption on the Ce0.875Mn0.125O2(111) surface: (a) Mn, (b)
O1−O2-long, and (c) O1−O4-short.

Figure 6. Side view and top view for the optimized structures of CO2
formation on the Ce0.875Mn0.125O2(111) surface: (a) O1, (b) O2, and
(c) O3.

Figure 7. Illustration of charge-density difference for CO oxidation on
Ce0.875Mn0.125O2(111) surface: (a)Mn, (b) O1−O2-long, (c) O1−O4-
short, and (d) O2. Δρdiff isosurfaces were calculated at 0.05 bohr−3.
The values are effective charges, which are calculated by the Bader
analysis program.
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surface O1, O2, and O3 ions (see Figure 1d) neighboring the
substitutional Mn4+ ion leads to the formation of CO2 floating
on the surface with an oxygen vacancy left in the surface. The
processes are exothermic and release 2.84, 2.86, and, 2.73 eV
for a CO at the top of surface O1, O2, and O3, see Table 3.
The nature of the adsorbed CO2 species is similar to a free CO2

molecule with C−O bond distances close to 1.20 Å and the O−
C−O angle of almost 180°. In view of the interactions between
the CO2 molecule and the reduced Ce0.875Mn0.125O2(111)
surface, the CO2 molecule is weakly bound to the surface with
the desorption energies of 0.22−0.37 eV. A Bader charge
analysis gives small net charges of 0.02 e (see Figure 7d) for
CO2 species indicating that nearly no charge transfer from the
oxide to the CO2 adsorption results in low adsorption energy
(0.22−0.37 eV).
The reaction mechanisms for CO oxidation and catalyst

regeneration are depicted in Figure 8 and consist of three steps:
(a) CO(g) + Ce0 .875Mn0. 125O2(111) → CO2(g) +
Ce0.875Mn0.125O2‑δ(111), the oxidation of a first CO molecule
on the stoichiometric Ce0.875Mn0.125O2(111) surface through
participation of a lattice oxygen, leading to O vacancy formation
and CO2 desorpt ion (Figure 8a) ; (b) O2( g ) +
Ce0.875Mn0.125O2−δ(111) → O/Ce0.875Mn0.125O2(111), the
adsorption of molecular O2 at the O vacancy, leading to the
formation of surface O adspecies (Figure 8b); and (c) CO(g) +
O/Ce0.875Mn0.125O2(111) → CO2(g) + Ce0.875Mn0.125O2(111),
the interaction of a CO molecule with these O adspecies, which

drives CO oxidation and regeneration of the stoichiometric
Ce0.875Mn0.125O2 surface (Figure 8c). Two reaction pathways of
the first CO oxidation are considered: the Langmuir−
Hinshelwood (LH) and Eley−Rideal (ER) mechanisms as
shown in Figure 7. The LH mechanism starts from adsorption
of CO with adsorption energies of −1.44, −1.91, and −2.05 eV
forming carbonite-like intermediates, which directly produce
the adsorption of CO2 with exothermicities of 1.42, 0.95, and
0.81 eV. The ER mechanism can take place directly by
abstracting the surface oxygen ions neighboring the substitu-
tional Mn4+ ion and leads to the formation of CO2. The process
releases −2.86 eV. The desorption of CO2 with the formation
of a surface O vacancy and reducing the neighboring two Ce4+

ions to two Ce3+ ions requires an energy of 0.66 eV. On the
basis of Bader charge population analysis (see Figure 7), we
interpret the Mn ion as Mn4+ along the most possible
mechanism of CO oxidation via the carbonite-like intermedi-
ates, while the two neighboring Ce ions reduce to Ce3+ ions.
The reduced catalysts can be sealed by an O2 molecule from the
gas phase. The adsorption energy of the O2 molecule on the O
vacancy is calculated to be −0.80 eV. The O−O bond length
has elongated from the O2 gas phase value of 1.21 to 1.37 Å,
and the Ce3+ ion of the surface reoxidized to Ce4+. The O2

adsorption is assigned to be peroxide according to the predicted
vibrational frequency of 794 cm−1.48 The resulting O adspecies
are active and can promote the direct oxidation of another CO
molecule leading to the formation of CO2, which desorbs

Figure 8. Calculated potential energy diagram for CO oxidation on Ce0.875Mn0.125O2(111) surface and catalyst regeneration. The proposed catalytic
cycle involves (A) the oxidation of a first CO molecule on the stoichiometric Ce0.875Mn0.125O2(111) surface through participation of a lattice oxygen,
leading to O vacancy formation and CO2 desorption; (B) the adsorption of molecular O2 at the O vacancy, leading to the formation of surface
adspecies; and (C) the interaction of a CO molecule with these O adspecies, which drives CO oxidation and regeneration of the stoichiometric
Ce0.875Mn0.125O2(111) surface.
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without any activation barrier and is exothermic by 3.27 eV (see
Figure 8c). The Bader charge analysis for the CO oxidation and
catalyst regeneration via healing the vacancy by molecular O2
on the Ce0.875Mn0.125O2(111) surface shows a catalytic cycle in
which the positive oxidation state of the substitutional Mn ion
is preserved throughout the reaction.
3.3.3. Vibrational Spectra Calculations. The vibrational

frequencies for the adsorbed species, CO molecular, on the
Ce0.875Mn0.125O2(111) surface were predicted as summarized in
Table 3. The calculated vibrational frequencies at the region of
2104−2161 cm−1 are attributed to the C−O stretching of CO
physisorption in which the values are close to that of a gas-
phase CO molecule (2136 cm−1). However, the predicted C−
O frequencies of carbonite-like species (1690, 1765, and 1790
cm−1) are in well agreement with the experimental value,49,50

1728 cm−1. The strong red shift of −346 to −446 cm−1 with
respect to the gas-phase CO molecule is similar to the
observation in experiments for ceria powder with carbonate
species and in the theoretical calculations for the CeO2(110)
surface by Yang et al.,47 Herschend et al.,51 and Nolan et al.52

Accordingly, the carbonite-like species are assigned to
chemisoption. The estimated vibrational frequencies for the
antisymmetric stretching mode, symmetric stretching mode,
and bending mode of the adsorbed CO2 species are in the
regions of 2384−2388, 1313−1318, and 618−632 cm−1, see
Table 3. Compared with the calculated vibrational frequencies
of a gas-phase CO2 (2377, 1321, and 644 cm−1), the frequency
shifts of the adsorbed CO2 species are seen to be very small,
indicating and confirming that, indeed, the new adsorption
species is likely a weakly adsorbed CO2 species.

4. CONCLUSIONS

In summary, we provide insight into the interactions of CO
with Mn-doped CeO2(111) surface as well as the catalytic
mechanisms for CO oxidation by using periodic DFT + U
calculations. Our calculated results show that the Mn dopant
facilitates oxygen vacancy formation, while the Mn adatoms
may suppress oxygen vacancy formation. Three kind of species,
physisorbed CO, physisorbed CO2 and chemisorbed CO
(carbonite, CO2

−), are observed on the Mn-doped
CeO2(111) surface; in contrast, only physisorbed CO is
found on the clean CeO2(111) surface. C−O distances,
adsorption energies, and C−O vibrational frequencies are
used to characterize these species. Incorporating Mn ions into
the ceria lattice as substitutional point defects can instead
sustain a full catalytic cycle for CO oxidation and catalyst
regeneration. The Mn dopant promotes CO oxidation without
any activation energy leading to O vacancy formation and CO2
desorption. Molecular O2 adsorbs at the O vacancy forming O
adspecies that then drive CO oxidation and recover the
stoichiometric Mn-doped CeO2 surface. The Bader charge
analysis is carried to character the oxidation state of Mn as +IV
ions along the catalytic cycle.
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