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Oxygen Vacancy Clusters Promoting Reducibility and Activity of Ceria Nanorods
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Ceria, a catalytic material, has attracted much attention in recent
years.! The importance of ceria in catalysis originates from its
remarkable redox and oxygen storage capability (OSC) in automobile
exhaust converters. It can undergo repeatable Ce**/Ce** redox cycles
depending on the conditions in the exhaust stream.? In fact, the actual
importance of oxygen uptake/release is determined by not only the
OSC but also the rates of the redox cycles. However, while the rate of
cerium oxidation is much faster, reduction of ceria is generally sluggish.
Thus, great effort has been made to promote its reducibility.® As
discussed in these studies, the reduction of ceria is proposed to be
controlled by the nature of the oxygen vacancies, since oxygen
diffusion, the rate-controlling step, depends on the type, size, and
concentration of oxygen vacancies.* For example, Esch et al. showed
that small size surface oxygen vacancies on CeO, (111) were immobile
at room temperature, but linear clusters of these vacancies formed at
higher temperatures.** This indicates that any processing condition
which favors the formation of more desired oxygen vacancies will
result in enhanced reducibility. Thus the precise role of oxygen
vacancies is crucial to the greater understanding of these important
oxide materials. However, creating these favorable defects and
understanding their roles in the reducibility and activity of nanosized
ceria at the atomic level is still lacking.

Here, two ceria nanorod (NR) samples with different types and
distributions of oxygen vacancies were synthesized. The results show
direct evidence of promoting the reducibility and activity of ceria NRs
with a high concentration of larger size oxygen vacancy clusters.

One ceria sample (ceria-A) enriched with larger size oxygen
vacancy clusters was prepared by a hydrothermal method using
CeCl; as a cerium precursor. The other sample (ceria-B) with fewer
larger size defects was prepared by the same method except
employing Ce(NOs); as the cerium precursor. XRD analysis (Figure
S1) revealed that both of the prepared materials could be indexed
to the pure fluorite cubic structures (JCPDS 34-0394). TEM images
(Figure 1A, B) of the products revealed that the two ceria samples
showed rodlike morphologies, 100—300 nm in length and ~12—20
nm in diameter. The BET surface area of the as-prepared ceria-A
and -B was 51.5 and 60.4 m?%/g, respectively.

The catalytic activities of the materials were investigated by
performing the CO oxidation reaction. The “light-off” reaction
profiles (Figure S2) showed that ceria-A was much more active
than ceria-B. When the reaction was carried out at 160 °C under
steady state conditions, the specific rate of ceria-A was 0.51 umol
¢ ! 87!, while that of ceria-B was only 0.21 umol g7, s7! (Figure
1C). These results were reproduced numerous times with several
preparative batches of ceria-A and -B.

To reveal fundamental reasons for these phenomena, HRTEM
analysis were performed. The results (Figures 1D, F and S3) reveal
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Figure 1. (A) TEM images of ceria-A. (B) TEM images of ceria-B. (C)
Graph showing the specific rate for CO oxidation on ceria. Reaction
conditions: the molar ratio for CO/air/N, was 1:16:83, with a contact time
(W/F) of 75 gei h molco™!; reaction temperature 160 °C. (D, E) HRTEM
images of ceria-A. (F, G) HRTEM images of ceria-B.

that ceria-A predominantly exposes the {100} and {111} planes,
whereas the {100} and {110} planes are predominantly exposed
in ceria-B (see Supporting Information). Theoretical studies have
shown that {111} is the least active surface, followed by {100}
and {110}.”> However, the results of activity evaluation showed that
ceria-A was more active than ceria-B for CO oxidation. This
indicates that, besides the reactivity of crystal planes, there are other
factors for determining the ceria activity. Through careful observa-
tion of these HRTEM images of ceria NRs, it was found that there
were many “dark pits” on ceria-A (Figures 1E and S4), while there
were fewer on ceria-B (Figures 1G and S4). This revealed the
surfaces of the former were rougher than those of the latter,
indicating more surface reconstruction occurred on ceria-A. From
these results, we speculate that defects in the ceria may be an
important factor that will prove useful.

X-ray photoelectron spectra analysis was carried out to character-
ize the valence state of Ce ions. Although most of the Ce ions
were Ce*", the presence of Ce*" was clearly revealed in both ceria-A
and -B (Figures 2A, S6—S8 and discussions). In addition, lattice
expansion as revealed through XRD analysis (Figure S10) provides
more evidence for the existence of Ce*" in these materials.® It is
well-known that once Ce*" appears in the fluorite ceria, oxygen
vacancies will be generated to maintain electrostatic balance
according to the following:”

4Ce* 4+ 0°" —4Ce* +2¢7/0+0.50,—
2Ce* +2Ce + 0 +0.50, (1)

where [ represents an empty position (anion-vacant site) originating
from the removal of O*~ from the lattice, here represented as an
oxygen tetrahedral site (Ce,O).

Positron annihilation spectrum is a well established technique to
study defects in materials. The lifetime of the positron is able to give
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Figure 2. (A) Ce3d XPS spectra from ceria-A, ceria-B, and ceria
nanoparticles mainly with Ce*" for comparison. Four peaks labeled as uy/
uy' and u/u,’ were identified for Ce** 3d final states. (B) CO-TPR profiles
of ceria-A and ceria-B.

Table 1. Position Lifetime Parameters of Ceria-A and Ceria-B

74 7 73 h A Iy
sample (ps) (ps) (ns) (%) (%) (%)
ceria-A 236 408 3.56 38.9 60.4 0.7
ceria-B 247 547 1.94 65.8 28.1 6.1

information about the size, type, and relative concentration of various
defects/vacancies even at the ppm level. The positron lifetime spectra
of both ceria-A and -B yielded three distinct lifetime components, 7,
Ty, and 73, with relative intensities /,, I, and /5 (Table 1 and Figure
S11). The longest component (73) was due to the annihilation of
orthopositronium atoms formed in the large voids present in the
material.® The shortest one (7;) was attributed to small neutral Ce?*-
oxygen vacancy associates, probably in the form of Ceg,ViCece.
Compared with bulk ceria,® another component (z,), 400—550 ps,
was observed. This component could be assigned to larger size defects
in the materials, such as vacancy clusters in SiO, and congeries of the
7, type vacancies in ZnO.*> Thus larger size oxygen vacancy clusters
(i.e., dimmers, trimers, or larger), resulting from interaction between
the small neutral Ce’*-oxygen vacancy associates (7;), were assigned
to the 7, component. Besides the lifetime of the positron, its relative
intensity (/) gave more information on the distribution of these defects
since the relative intensity quantifies the abundance of that vacancy
with respect to some standard of the same material. In ceria-A, I, >
I;, indicating higher concentration of larger size oxygen vacancy
clusters than small neutral vacancy associates in this material. However,
areverse trend was found in ceria-B; that is, isolated vacancy associates
are predominate.

It is widely accepted that the migration of oxygen in ceria and
ceria-based materials takes place via a vacancy hopping mecha-
nism.® Clusters of more than two vacancies, such as linear surface
oxygen vacancies, proved to be favorable for migration of oxygen.**
If the diffusion of anions is sufficiently fast, a continuous supply
of oxygen from the bulk to the surface will guarantee an enhanced
reducibility. Thus ceria-A with a higher concentration of larger size
oxygen vacancy clusters should be more reducible than ceria-B.
The reducibility was characterized by temperature-programmed
reduction (CO-TPR). The typical two peak reduction profiles are
shown in Figure 2B. The low-temperature peak (<600 °C) is of
particular interest since it is related to the surface oxygen reduction.
The amount of oxygen that can be attracted from the surface of
ceria-A is ~1.36 times that of ceria-B. This confirms our predication
that the reducibility of ceria can be enhanced by the larger size
oxygen vacancy clusters. More significantly, abstraction of oxygen
from the surface of ceria-A mostly occurred at low temperature

Scheme 1. Catalytic Pathway for CO Oxidation over Ceria
Nanorods Enriched with Larger Oxygen Vacancy Clusters
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ranges (150—450 °C), indicating there are more available reactive
oxygen species on the surface of ceria-A.

Thus a catalytic pathway (Scheme 1) is proposed for CO oxidation
on these defective ceria NRs, which involves alternative reduction and
oxidation of the ceria surface with formation of oxygen vacancies and
their successive replenishment by gas-phase oxygen. The presence of
oxygen vacancy clusters facilitates the activation and transportation
of active oxygen species. Furthermore, these vacancy clusters expose
exclusively Ce*" ions, providing effective adsorption sites to gas phase
carbon monoxide.*® Therefore, it was the larger vacancy clusters
coupled with the adjacent Ce** ions that guaranteed the promoting
reactivity of the ceria-A sample.

In summary, two types of oxygen vacancies, small neutral Ce>*-
oxygen vacancy associates and larger size clusters of these defects,
were discovered in the ceria NRs. The synthesis method was crucial
to determine their distribution. A direct relationship between the
concentration of the larger size oxygen vacancy clusters and
the reducibility and reactivity of nanosized ceria was revealed. These
results may be a primary step in understanding and designing active
sites at the surface of metal oxide catalytic materials.
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