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studied the CO oxidation on the clean and reduced CeO,(111) surfaces using different surface cells to
determine the relationships between the reduction degrees and calculated reaction energetics. It is found
that the calculated barrier for the direct reaction between CO and surface lattice O drastically decreases
with the increase of surface reduction degree. From electronic analysis, we found that the surface

Key W').rdS:. reduction can lead to the occurrence of localized electrons at the surface Ce, which affects the charge
CO oxidation . .

Ce0,(111) distribution at surface O. As the result, the surface O becomes more negatively charged and therefore
Mars-van krevelen mechanism more active in reacting with CO. This work then suggests that the localized 4f electron reservoir of Ce can
DFT+U act as the “pseudo-anion” at reduced CeO, surfaces to activate surface lattice O for catalytic oxidative
Surface reduction reactions.

© 2020 Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.
Published by Elsevier B.V. All rights reserved.

Metal oxides are important functional materials and they are CO+03=C0Oz+%, 0, +*=05%; CO+05"=C0O,+ 04
widely used in various applications such as catalysis, batteries,
optical devices etc., mainly due to their relatively low costs, good
stabilities, high activities and favorable redox properties [1]. As one
of the most common rare earth metal oxides, cerium dioxide
(CeOs) can work as the key component of the catalyst in vehicle
emission control, water-gas shift reactions, solid oxide fuel cells
and steam reforming [2]. Because of its unique electronic structure,
as well as the existence of various types of defects, CeO, is also
often taken as a model material for experimental and theoretical
studies in surface chemistry and heterogeneous catalysis [3].

CO oxidation is an important process in the control of vehicle
emission and many other catalytic reactions. In particular, CeO,
based catalysts have been found to be very active in promoting CO
oxidation, which is also a classical process to illustrate the activity
and the oxygen storage capacity (OSC) performance of such catalysts.
The highly active surface lattice oxygen (Os) species at CeO, is
determined to play a crucial role in this process, as it generally obeys
the Mars-van Krevelen (MvK) [4] mechanism [5,6]. The whole
catalytic cycle follows the following processes:

where * stands for a surface oxygen vacancy. Beyond that, the
surface lattice oxygen was also found to be able to participate in
CO oxidation on the supported metal clusters by directly
interacting with adsorbed CO at the metal/CeO, interface or
spilling over to the metal clusters [7]. Therefore, such high
activity also leads to the facile removal of O; and formation of
reduced CeO, with Ce3'. During the past few decades, many
studies have revealed the relationship between the CO oxidation
activity and the concentration of Ce>" and illustrated that the
CeO, catalyst with a higher Ce®** concentration usually exhibits a
better CO oxidation performance [8]. Some work has concluded
this for the high oxygen migration rate provided by oxygen
vacancies. However, the detailed connection between the
catalytic activity for CO oxidation and the reduction degree of
the catalyst is still not clear. Moreover, recent studies suggested
that the surface hydroxyls formed by dissociated water at the
oxygen vacancy can enhance the activity of CO oxidation, which
may also contribute to the high activity of reduced CeO, catalysts
[9]. In fact, besides the findings of the improvement of catalytic
activity by surface hydroxyls [10], it is also expected that surface
oxygen vacancies can be readily healed by oxygen molecules [11]
"+ Corresponding author, and therefore they may not be the key species for the enhanced
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itself can affect the catalytic activities of reduced CeO, toward
CO oxidation is still worth studying.

In this work, we conducted density functional theory
calculations corrected by on-site Coulomb interaction (DFT +U)
to theoretically investigate the effect of the concentrations of Ce>*
[12], which were induced by surface hydroxyls (H at Os) on the
catalytic activities toward CO oxidation at CeO,(111), the main
facet exposed at CeO, nano-catalysts. In particular, we mainly
focused on the process of direct reaction between CO and surface
oxygens to reveal their reactivities at the stoichiometric and
various reduced surfaces, though the interaction between
adsorbed H or OH and CO on the CeO, surfaces may be also
important [13]. All the calculation details can be found in the
Supporting information.

On the pristine CeO5(111) surface, CO can be exothermically
adsorbed with the calculated adsorption energy of 0.33 eV (Fig. 1).
Then, the CO can react with the O through the transition state (TS),
in which the distance between C and Os (dc.os) was calculated to
decrease from 2.835 A in the adsorption state to 1.665 A (TS) and
the /OCO4 was determined to be 115.81°. The stretching vibration
between C and O in the transition state along this reaction
pathway was determined with the imaginary frequency of
268.76 cm~ . The carbon atom in CO would bind with the O
afterwards to form an adsorbed bent CO,* intermediate species
with the activation energy of 0.38 eV and the reaction energy of
—0.31 eV. The bent CO,* is not stable and prefers to evolve to the
straight one by releasing the energy as large as 1.07 eV. The straight
CO, molecule can be easily released from the surface with the
desorption energy of 0.46eV only. These results are largely
consistent with those reported in previous theoretical studies of
CO oxidation at ceria surfaces [14].

In general, corresponding to the different reaction steps
discussed in the above, four important energetic components
are involved in the whole CO oxidation process, namely the
adsorption energy of CO (E.qs), the activation energy (E,), the
reaction energy (E;) and the bending energy (Ey), as shown in
Scheme S1 (Supporting information).

The reduced CeO,(111) surfaces with different concentrations
of Ce3* were constructed by adjusting the coverages of surface
hydroxyls (adsorbed hydrogens). A series of surface cells with
different sizes involving one adsorbed H were applied as shown in
Scheme 1 and Fig. S1 (Supporting information). Accordingly, the
coverages (0) of the adsorbed H are 1/16, 1/9, 1/7, 1/4, 1/3 and
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Scheme 1. Sketch of the different surface cells and relative positions of the different
surface species on the CeO,(111) surface. The black circles filled with green and red
stand for the hydroxyl and the reactive Os, respectively.

1 monolayer (ML) (with respect to the number of Os) depending on
the sizes of surface cells. The calculated H adsorption energies on
the CeO,(111) surface under the above different coverages are
listed in Table 1. One can see that under low coverages (6 < 1/3 ML),
the average H adsorption energy is 1.46 eV, while under the highest
coverage of 1ML, the calculated adsorption energy is lower by
~0.1eV. According to the spin charge difference analysis, the
whole injected electron from the adsorbed H is localized at the
nearest Ce beside the hydroxyl, which suggests that the varying
coverages of adsorbed H can indeed modify the concentrations of
Ce3* on the surface. The occupation of the Ce 4f orbital was also
confirmed by the calculated density of states (DOS) (Fig. S2 in
Supporting information). It should be noticed that the adsorbed H
is introduced to adjust the concentration of Ce>*, which will not
directly participate in CO oxidation reaction.

Then, at the surfaces with the hydroxyls under the coverages
from 1/16 MLto 1/3 ML, we calculated the reaction between one CO
and the neighboring O, of the hydroxyl (Scheme 1), and the various
energetic components involved in the whole process of the
reaction are plotted in Fig. 2 and listed in Table S1 (all
corresponding structures and the detailed results of the transition
states can be found in Figs. S3-S7 and Table S2 in Supporting
information). One can see that the E.ys decreases with the
increasing Ce>" concentration. The adsorption energy of CO is
0.35eV at 0=1/16 ML, which is slightly higher than that on the
pristine surface, while it becomes 0.29 eV when the 6 increases to
1/3 ML. The calculated Bader charges of adsorbed CO (Aq;s(CO))
showed that the CO molecule accepts more negative charges at the
surface with the increasing reduction degree (Table S3 in

Supporting information). In other words, higher concentrations
0.00 1 of localized electrons (Ce®*) at CeO5(111) can make the adsorbed
Py CO more negatively charged, though its adsorption strength
o becomes slightly worse.
~0.50 Interestingly, both E, and E, of CO oxidation apparently decrease
?u - with the coverages of surface hydroxyl (Fig. 2). In particular, the
~ 0751 calculated E, drops from 0.43 eV at 9=1/16 ML to 0.31eV at 0=1/
‘_ﬁ 3 ML, and the change of the calculated E; also indicates that more
LE -1.00 4 heat can be released through combination of CO and Os on the
-1.251 Table 1
Calculated adsorption energies of hydrogen (E,qs(H), with respect to 1/2 H) on the
-1.50 Ce0,(111) surfaces with different surface cells, calculated corresponding average
negative charges of O (AG(O;) and the band gap (Egap).
-1.751
. CO(g) CO@ CO:* COxa) COsg) A0 Lo 1) (V) A9, (&7) Fe (V)
1 135 N/A 2.822
Reaction Coordinate 1/3 1.48 1.246 2277
1/4 1.40 1.241 2219
Fig. 1. Calculated energy profile of CO oxidation on the pristine CeO,(111) surface. 17 1.48 1.222 2131
CO(g) and CO,(g) stand for the CO and CO, in gas phase, respectively. CO(a) and 1/9 146 1211 2.069
COy(a) refer to the adsorbed CO and CO,. CO,* denotes the bent CO, intermediate. 116 1.48 1.206 2.029

The ivory, red and grey spheres represent the Ce, O and C atoms, respectively.
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Fig. 2. Calculated energetic components (Eaqs, Ea, Er and Ep) within CO oxidation as a
function of the hydroxyl coverages. The detailed results and structures can be found
in Table S1 and Figs. S3-S7.

surface with higher reduction degree. At the same time, in
consistence with what was reported in our previous study [6], the
Bader charge analysis showed that (Aquus(CO-) in Table S3) the
CO,* intermediate formed directly after the combination of CO and
0, is actually a negatively charged CO?~ species. In this process, the
electron-rich Og prefers to attack the partially positively charged C
in the CO molecule, and the electron transferred from surface to the
CO molecule can be also found from the Bader charge analysis
(Aqrs(CO) - Aqis(CO)) in Table S3). Then, one may expect that the
localized electrons at Ce®*' on the reduced surface slab can
effectively increase the amount of negative charge of the surface Ce
layer, which will then affect the charge distribution within the Ce-
O, bonds and push the charges toward O to increase their Aq(Os).
Accordingly, one can indeed see from Table 1 that more negatively
charged O can occur at the surface with a higher concentration of
surface hydroxyl, which will surely make it more active to be
involved in CO oxidation. The activation energy as a function of the
AQ(Os) was plotted in Fig. S8 (Supporting information), and one
can clearly see that there is a good linear relationship with the R? of
0.97. The corresponding calculated imaginary frequencies are
shown in Table S4 (Supporting information).

The evolvement of the bent CO?~ intermediate to a straight CO,
molecule then occurs following the combination of CO and Os,
giving rise to the final formation and desorption of the molecular
CO,. In this process, the CO>~ species leaves one electron to the
surface, and it can be confirmed by the calculated charge difference
between the FS and IMS (Aqgs(CO2) - Aqus(CO3)) in Table S3.
Accordingly, one may expect that on the reduced CeO,(111)
surfaces, the released electron from the CO?~ intermediate leads
to the occurrence of one more Ce®*, and it is obvious that the
energy cost by the occupation of the empty 4f orbitals of Ce** by
the released electron would affect the bending energy. According
to our calculated results, the band gap increases with the
increasing concentrations of Ce3" (Table 1), which indeed suggests
that a larger energy is needed to accept the released electron from
the CO?~ intermediate for the surface with a higher coverage of
hydroxyls. Therefore, the corresponding total released energy, Ep,
becomes lower. Our previous study [6] suggested that the
competitive pathway to form the surface carbonate species rather
than the gas phase CO, may occur at CeO, due to the high stability
of the carbonate, which means that the less E, would result in the
favorable formation of carbonate species. Even though highly
reduced ceria catalyst brings a high activity for the combination
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Fig. 3. Calculated energy profiles of CO oxidation on the reduced CeO,(111)-(3x3)
surfaces with 1/9 and 2/9 ML of surface hydroxyl.

between CO and O, the corresponding low selectivity to generate
CO, caused by the E;, would like to cause undesirable effects to the
catalyst.

To further verify the effect of surface reduction degree on the
catalytic activity, CO oxidation was also calculated on the CeO,(111)-
(3x3) surface involving two adsorbed hydrogens (Fig. S9 in
Supportinginformation), and the results and structures are reported
in Fig. 3, Fig. S10 and Table S1 (Supporting information). Compared
with the Ce0,(111)-(3x3) surface involving only one adsorbed H
(Fig.S11 in Supporting information), it is then more heavily reduced
as two Ce>" now occur in each surface cell. As one can see, the
calculated CO adsorption energy slightly reduces to 0.27 eV and the
activation energy also reduces to 0.34 eV, which is 0.08 eV lower
than that on the surface with one H (6 =1/9 ML). In addition, the
corresponding reaction energy was found to be 0.09 eV lower and
the calculated bending energy is 0.18 eV less than those on the
surface with only one hydroxyl. These effects can be also related to
the surface electronic structures. According to our calculations, the
average negative charges of O on the CeO5(111)-(3 x3) surface with
two H (0=2/9 ML) is 1.230 e". Interestingly, this value is located
between those on the surface at&=1/4 and 1/7 ML(Table 1) and the
corresponding activation energy (0.34 eV) is also between those at
these two surfaces (Table S1), in agreement with the relationship
between the Aq(Os) and the activation energy mentioned above.
Therefore, one can indeed see that the surface reduction degree
can tune the concentrations of localized electrons at the surface Ce,
which in turn modify the charge distributions at the Og and affect
their negative charges and activity toward reaction with CO.

Finally, it needs to be noted that CO oxidation on the pristine
CeO5(111) surfaces with different surface cells was also calculated
and the results are listed in Table S5. No obvious trend of the energy
changes can be recognized, suggesting that the size of the surface
cell, i.e.,, CO coverage, itself may have neglectable effect on the
calculated energetics.

In summary, CO oxidations on the CeO,(111) surfaces with
different reduction degrees implemented by forming surface
hydroxyls were theoretically investigated by DFT + U calculations
in this work. Energetic components involved in this process,
including the adsorption, activation, reaction and bending energies,
were determined on the various pristine and reduced surfaces,
which largely exhibit linear relationships with the surface reduction
degree. In particular, the calculated barrier for the direct reaction
between CO and surface lattice O drastically decreases with the
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increase of surface reduction degree. From electronic analysis, we
found that the surface reduction can lead to the occurrence of
localized electrons at the surface Ce and affect the charge
distribution at surface O. As the result, they become more negatively
charged and therefore more active in reacting with CO. We can
tentatively suggest that the localized 4f electron reservoir of Ce can
act as the “pseudo-anion” at reduced CeO, surfaces to activate
surface lattice O for catalytic oxidative reactions.
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