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The design and fabrication of catalytic materials is a key issue in heterogeneous catalysis to achieve
desired performance. Traditionally, the main theme is to reduce the size of the catalyst particles as
small as possible for increasing the number of active sites. In recent years, the rapid advancement in
materials science has enabled us to fabricate catalyst particles with tunable shape at nanometer
level. Through morphology control of nanoparticles by exposing highly reactive crystal planes, their
catalytic properties can be drastically enhanced. Therefore, both size modulation and shape control
of catalyst nanoparticles can be achieved independently or synergistically to optimize their catalytic
behavior. We highlight, in this review, the recent progress in shape control of CeO2 materials that
are widely used as crucial components or structural and electronic promoters in heterogeneous
catalysts. We first summarize the major synthetic strategies and characteristics of shape-controlled
Ce0: nanomaterials. We then survey morphology-dependent nanocatalysis of CeO; and Au-CeO:
catalysts. We understand now that the enhanced catalytic property of the Au-CeO: system is closely
related to the unique interaction between the gold nanoparticles and the ceria support; such an
interaction originates from the particular shape of ceria, especially the exposed facets. Finally, we
present our understanding of the morphology-dependent nanocatalysis and provide our perspec-
tives on their future potential and development. The fundamental understanding of the nature of
the intrinsic active sites of the shape-tunable ceria nanostructures, enclosed by reactive crystal
planes/facets with unique properties, is expected to provide highly efficient nanocatalysts for prac-
tical applications.
© 2013, Dalian Institute of Chemical Physics, Chinese Academy of Sciences.
Published by Elsevier B.V. All rights reserved.

1. Morphology-dependent nanocatalysis

Nanocatalysis is an explosively growing field because of its
utmost important contributions to both the materials science
and the practical chemical reactions. Because the property of a
catalyst particle intimately depends on its size and shape, ra-
tional design and sophisticated fabrication of catalytic nano-
materials have become top priority in heterogeneous catalysis.
Conventionally, an active catalyst typically contains small par-

ticles where the percentage of the corner, step, and edge atoms
increases with decreasing crystal sizes, facilitating the activa-
tion of the reactants [1-3]. A heterogeneous catalyst often con-
sists of tiny single or twinned crystals, and their average sizes
are usually less than 5-10 nm and can be as small as 1 nm in
diameter. The catalytic performance of these nanosized parti-
cles is extremely sensitive to the surface structural and/or
electronic properties [2,4]. Small particles with high sur-
face-to-volume ratios provide more active sites which usually
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consist of low-coordinated atoms that are located at the defect
sites such as terraces, edges, kinks, or vacancies. A typical ex-
ample is the unique behavior of gold nanoparticles as demon-
strated by the pioneering work of Haruta [5-9]. Gold has long
been viewed as catalytically inert; however, it becomes highly
active for low-temperature CO oxidation when the size of the
Au particles ranges 2-5 nm [5,6]. This so-called size effect has
been interpreted in terms of the variation in geometric and/or
electronic properties of gold nanoparticles that strongly affect
the adsorption and activation of CO and molecular oxygen [9].

On the other hand, the catalytic property of a metal particle
was also observed to be correlated with its shape at the na-
nometer level [10-12]. The stable shape of a catalyst particle
primarily depends on the minimization of its total energy; the
surface planes/facets of the particle strongly influence the par-
ticle’s catalytic reactivity. Such a phenomenon is termed as
shape- or morphology-dependent nanocatalysis: a particle with
anisotropic shape promotes the efficiency of its catalytic reac-
tion by selectively exposing more reactive crystal planes. In this
context, platinum nanoparticles have been intensively studied
and the relationship between the internal and external crystal
structures of the nanocrystals and their catalytic behavior have
been comprehensively addressed [13-21]. When being used to
catalyze electron-transfer reaction between hexacyanoferrate
ions and thiosulfate ions, the tetrahedral Pt particles, which
consist primarily of {111} facets, showed the highest activity
whereas the cubic particles, which consist primarily of {100}
facets, exhibited the lowest activity [13-15]. Although the ob-
served catalytic activity was originally correlated to the fraction
of surface atoms located on the corners and edges of the nano-
particles [14], this result has clearly confirmed that the shape of
a catalyst particle significantly affected the reaction efficiency.
Similarly, tetrahexahedral Pt nanocrystals enclosed by
high-index facets such as {730}, {210}, and {520} planes having
a large density of atomic steps and dangling bonds offered a
much higher activity for electro-oxidation of formic acid and
ethanol than the octahedral particles exposing low-index
planes such as{111}, {100}, and {110} [16]. In addition to mod-
ulating the activity, the shape of a platinum particle also medi-
ates the selectivity of chemical reactions. Both surface analyses
and experimental studies have evidenced that the (100) plane
of a Pt nanoparticle only produced cyclohexane in benzene
hydrogenation, but both cyclohexene and cyclohexane can
formed on the (111) plane [17,18]. Therefore, we can conclude
that tuning the shape of a catalyst particle can tailor its activity
and selectivity through the change of binding energies which
originates from the modification of surface geometrical and
electronic properties [21].

Such a morphology-dependent catalytic behavior has been
applied to metal oxide particles as well. Compared with the
conventional spherical particles, Co304+ nanorods exhibited
surprisingly high activity for low-temperature CO oxidation
[22]. The origin of this shape-dependent effect was traced back
to the fact that the Co304nanorods preferentially exposed more
of the reactive {110} planes, which contain large amounts of
octahedrally coordinated Co3+ species, the active sites for CO
oxidation. Similarly, quasicubic a-Fe203 enclosed by six equiv-

alent {110} planes catalyzed CO oxidization at a much lower
temperature than the flowerlike, hollow, or other forms of ir-
regular external morphologies exposing various crystal planes
[23]. Cu20 nanomaterials also showed a notable morpholo-
gy-dependent phenomenon in CO oxidation [24] and in photo-
degradation of methyl orange [25] due to the selective expo-
sure of high-index crystal planes. In most cases, the shape of the
oxide particles, determined by the exposed crystal planes, af-
fects their catalytic reactivity more remarkably than the com-
monly considered parameters such as the particle size and the
surface area.

Cerium dioxide is one of the most important oxides as a cru-
cial component or as a structural and electronic promoter in
heterogeneous catalysts [26]. It typically acts as an oxygen
buffer in the three-way catalysts for eliminating vehicle ex-
hausts. Because of this most important technological applica-
tion, both the materials science and the heterogeneous catalysis
communities have focused extensive investigations on this
material. The unique properties of CeO: primarily originate
from the quick and reversible redox cycle between Ce** and
Ce3+ in the fluorite lattice, through which the oxygen in gas
phase can easily transfer into the solid surface where the
chemical reaction occurs. Accordingly, CeO2 has been consid-
ered as an excellent oxygen buffer, commonly defined by the
term of oxygen storage capacity (OSC). Besides the well known
particle size effect, OSC is also strongly dependent on the shape
of the ceria particles. Oxygen storage and release can occur
both at the surface and in the bulk, in the case of ceria nanorods
and nanocubes, but it is restricted only to the surface of na-
nopolyhedral ceria [27]. Such superior oxygen storage capacity
is linked to the fact that the {100}- and {110}-dominated sur-
faces are inherently more reactive than the {111}-dominated
ones due to the facilitated migration of lattice oxygen from the
bulk to the surface. On the other hand, theoretical calculations
have predicted that the {111} surface has the lowest surface
energy whereas the high-energy {110} and {100} planes are
most reactive [28-30]. Experimental studies have confirmed
that CeO2z nanorods exposing the {100} and {110} planes were
more catalytically active for CO oxidation than polyhedral CeO2
nanoparticles enclosed predominantly by the stable {111}
planes [31,32].

The morphology effect of CeO2 particle is also significant
when it is used to support metal particles; the surface property
of ceria not only governs the dispersion of the metal particles
but also mediates the manner of metal-support interactions
[33-37]. For example, a strong shape effect of CeO2 on the ac-
tivity of Au/CeO:z catalysts for the water-gas shift (WGS) reac-
tion has been identified [33]. Gold particles dispersed on ceria
nanorods that were enclosed by {110} and {100} planes are the
most active system owing to the fact that the rod-shaped ceria
can stabilize the tiny Au clusters. Similarly, CeO2 nanorods with
a higher concentration of oxygen vacancies not only enhanced
the activity of Pd/CeOz2 catalysts for the WGS reaction but also
promoted the catalyst’s stability by inhibiting the aggregation
of Pd nanoparticles under working conditions [34]. The sup-
port-dependent activity was also recently demonstrated on
Pt/CeO2 catalysts [36]. Pt clusters dispersed on CeOz nanorods



840 TA Na et al. / Chinese Journal of Catalysis 34 (2013) 838-850

: 1 c
2 Ss & £ &
& R = Ol
o < Ju x
.‘:L.‘;-.' f}‘
B«{m}q} bé_g’
?4') =
o N2
oy Jr 45 ss F E;
= G —
o ERANESESAR AT T
"Ry N 'u.lnli'::_'
i
=
Og‘ 3
2 !bf ; 1{nm 500 1 pm
&kﬁ }" s —
A I-s..-(i

Fig. 1. HRTEM images of small-sized truncated octahedral CeOz nanoparticles that are enclosed by the {100} and (111) facets (a); SEM images of
large-sized CeO:z particles, showing an octahedral shape that mainly exposes the {111} facets (b, c). Reproduced with permission from Ref. [38]. Copy-

right 2003 American Chemical Society.

provided a much higher activity in CO oxidation than those
dispersed on CeOz nanooctahedra; the higher concentration of
oxygen vacancies on the surfaces of the ceria nanorods played a
significant role in determining its superior activity.

We now believe that the enhanced catalytic properties of
ceria nanorods are closely associated with the presence of a
large number of oxygen vacancies on the surfaces of the
rod-shaped structures. The shape control of ceria particles
modulates the nature of the metal-support interactions
through the design of specific reactive facets, offering a new
strategy to design and fabricate highly efficient ceria-based
catalysts. The general approach is to increase the surface frac-
tion of more reactive planes and decrease the fraction of
less-reactive planes by precisely tuning the morphology of the
catalyst particles. In this review article, we start with a survey
of shape-controlled synthesis of ceria nanomaterials using so-
lution-based approaches. Then we examine the catalytic per-
formance of CeOz and Au/CeO2 catalysts in the classic probe
reactions, CO oxidation and WGS reaction. By analyzing the
reaction data and nanoscale structures we elaborate the impact
of tuning morphology on the catalytic properties of the inter-
ested catalyst systems. Finally, we emphasize the utmost im-
portance of shape control in developing highly efficient ce-
ria-based nanocatalysts.

2. Shape control of CeOz nanomaterials
2.1.  Nanoparticles and nanocubes

As a typical face-centered cubic structure, ceria nanocrystals
are usually enclosed by three low-index surfaces: (111), (110),
and (100). Studies on the electronic structure and the chemical
coordination patterns of these surfaces provided the relative
stability in the order (111) > (110) > (100) [28-30]. Therefore,
the most stable (111) planes should dominate the surfaces of a
ceria nanoparticle. Accordingly, the energy required to create
oxygen vacancies on the (111) surface is greater than those on
the (110) and (100) surfaces. In order to minimize the surface
energy, ceria particles usually maintain the octahedral or trun-
cated octahedral shape that mainly expose the most thermo-
dynamically stable {111} facets. The synthesis of ceria octahe-
dra has been extensively studied for years, and ceria particles

with narrow-size distributions in the range of 3-10 nm can
now be easily fabricated in solution phase. The synthetic strat-
egies include aqueous-phase precipitation, hydrothermal syn-
thesis, microemulsion, electrochemical deposition, and thermal
decomposition [38-47]. The shape of these ceria particles can
be assessed by high-resolution transmission electron micros-
copy (HRTEM). As shown in Fig. 1, the nanoparticles with a
diameter < 10 nm exhibited a truncated octahedral shape ex-
posing the {111} and {100} facets while the CeO: particles with
a diameter > 10 nm possessed an octahedral shape consisting
primarily of the {111} facets [38].

Encouraged by the theoretical prediction that the polar
(100) facet is of highest surface energy and would be catalyti-
cally more reactive than either the (111) or the (110) surfaces
[30], synthesis of ceria nanocubes has attracted wide attention.
The primary synthesis strategy is hydrothermal and/or sol-
vothermal process [39,43,48-56]. As illustrated in Fig. 2(a), a
facile alkali-assisted hydrothermal process produced CeO2
nanocubes of 20-50 nm [27], and the sizes of the cubes can be
further tailored in a wide range of 20 to 360 nm by simply ad-
justing the synthetic parameters [49]. However, these cubes
are too large to demonstrate appreciable effect in catalytic re-
actions because the specific surface areas are too small. Use of
surfactants or templates under hydrothermal or solvothermal
conditions facilitated the attainment of smaller ceria nanocubes
(less than 10 nm) (Fig. 2(b) and (c)). For example, ceria
nanocubes with sizes of 5-10 nm were prepared by using oleic
acid as the structure-directing agent [39,52,54]. Recently, sin-
gle-crystalline ceria nanocubes of about 10 nm with (100) fac-
ets were fabricated using a supercritical hydrothermal process
[55]. This cubic nanostructure had surprisingly high ex-
tra-low-temperature OSC, demonstrating the potential to be a
superior catalyst. However, the strongly adsorbed surfactants
on the surfaces of the cubes may block the accessibility to the
atoms on the most reactive {100} planes, resulting in limita-
tions for practical applications of such catalysts. To date, fabri-
cation of ceria nanocubes with sizes less than 10 nm still re-
mains a challenge because the high surface energy of the (100)
plane forces the particle to grow dominantly along the [100]
direction, forming octahedron or truncated octahedron in
aqueous phase. But it is reasonable to expect that the
{100}-terminated nanocubes would have exceptionally high
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HRTEM image of a single CeOz nanocube and a simulated image is superimposed onto the experimental image (bright Ce and dark O) (b). Reproduced
with permission from Ref. [48]. Copyright 2007 American Chemical Society. TEM image of ceria nanocubes with the average sizes of 5-10 nm. Re-
produced with permission from Ref. [39] (c). Copyright 2006 American Chemical Society.

activity in oxidation reactions provided that smaller cubes can
be successfully fabricated and stabilized.

2.2. Nanorods and nanotubes

Nanorods and/or nanowires are most desirable in the syn-
thesis of CeO2 materials because of their unique atomic effi-
ciencies with rapid response to changing conditions in the cat-
alytic system [43,45,57]. Ceria nanorods preferentially expose
the more reactive {110} and {100} crystalline planes, resulting
in a much higher OSC than the conventional spherical nanopar-
ticles which expose mostly stable {111} facets. It is generally
observed that the reactivity of the CeO2 nanorods increases
with the fractions of the {100} and {110} facets [31,32]. Be-
cause of this unique property, the fabrication of CeO2 nanorods
or nanowires has been intensively explored and several effi-
cient synthetic routes have been proposed, including hydro-
thermal or solvothermal synthesis [46,57-61], precipitation
[62], sonochemical [63] and electrochemical reduction of ce-
rium salts in liquid phase [64]. So far, the alkali-assisted hy-
drothermal process seems to be the most effective route [43].
Through properly adjusting the alkalinity, the temperature, and
the duration, the dimensions of nanorods can be easily tailored.
A surfactant- and template-free solution precipita-
tion-hydrothermal approach has been reported to be effective
for fabricating CeO2 nanowires with a diameter of about 40 nm
and lengths varying from 3 to > 10 um [61] (Fig. 3(a) and (b)).
The recent focus is to further maximize the fraction of the reac-
tive facets [65-67]. CeOz nanorods with an average diameter of
2.6 nm and a length of 43 nm have been synthesized by thermal
treatment of a liquid mixture containing cerium acetate, oleic
acid, oleyamine, and 1-octadecene [66] (Fig. 3(c)). Most re-
cently, ultra-thin ceria nanorods with extremely small diame-
ters of 1.2-1.5 nm and lengths of 12-70 nm were fabricated by
a sophisticated sol-gel process and alcoholysis of cerium car-
boxylate [67], respectively (Fig. 3(d) and (e)).

Synthesis of CeOz nanotubes is another hot topic with the
expectation of high thermal and chemical stabilities together
with the inherent high surface area. Theoretical simulation has
predicted that ceria nanotubes tend to have a multilayered
structure which would create more oxygen vacancies, grain

boundaries, and triple junctions on the surface [68]. These de-
fects are potential active sites and thus would promote their
catalytic reactivity. Multiple-crystalline CeO2 nanotubes have
been routinely fabricated using hard templates such as carbon
nanotubes [69,70] and porous alumina [71]. A new route taking
advantage of the Kirkendall effect has been used to synthesize
CeO2 nanotubes [72]. CeO2 nanotubes less than 100 nm in di-
ameter having numerous defects in the inner tube and at the tip
end have been synthesized by annealing Ce(OH)s nanotubes
which were prepared by hydrothermal treatment of cerium

per-right images in micrograph (b) show the selected area electron
diffraction (SAED) pattern taken from the same nanowire and the mag-
nified view of the middle part of the nanowire, respectively. Repro-
duced with permission from Ref. [59]. Copyright 2005 Royal Society of
Chemistry. TEM images of CeOz nanorods having an average diameter
of 2.6 nm and a length of 43 nm (c). Reproduced with permission from
Ref. [66]. Copyright 2010 Elsevier Inc. TEM images of ultra-thin ceria
CeO2 nanorods with uniform size (diameters of ca. 1.5 nm and lengths
of about 12 nm) and the three-dimensional atomic model of the CeO:
nanorod (d, e). Reproduced with permission from Ref. [67]. Copyright
2010 Royal Society of Chemistry.
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Fig. 4. TEM images of CeO2 nanotubes prepared by taking the advantage of Kirkendall diffusion effect (a, b). Reproduced with permission from Ref.
[72]. Copyright 2009 American Chemical Society. SEM image of CeOz nanotubes after being extracted from the alumina template (c). Reproduced with
permission from Ref. [71]. Copyright 2009 American Chemical Society. TEM images of CeO: nanotubes with a wall thickness about 5-7 nm (d, e).
Reproduced with permission from Ref. [77]. Copyright 2005 American Chemical Society. TEM image for CeO2 nanotubes, showing defects in the inner
tube (f). Reproduced with permission from Ref. [75]. Copyright 2007 American Chemical Society.

chloride [73]. However, the diameters of these ceria nanotubes
are typically in the range of 200-1000 nm, too large to have
appreciable influence on their catalytic properties (Fig. 4(a-c))
[69-74]. On the other hand, synthesis of single-crystalline ceria
nanotubes with smaller sizes is still challenging, and most syn-
thetic approaches are either time-consuming or involving com-
plicated procedures with very low yield [75-77]. Ceria nano-
tubes with a diameter of 5-30 nm and a wall thickness of 5.5
nm were fabricated by a time-consuming route including two
successive stages: precipitation at 373 K and aging at 273 K for
45 days [77] (Fig. 4(d) and (e)). Ceria nanotubes with a wall
thickness of 5-7 nm and a inner diameter of 10-15 nm (length
up to 100 nm) has been prepared by an oxida-
tion-coordination-assisted dissolution process of the hydroxide
precursor under ultrasonication [75] as shown in Fig. 4 (f).
However, the yield is relatively low and the final product is
often a mixture of tubes, particles, and rods. Therefore, efficient
preparation of CeO2 nanotubes with desired crystallinity and
smaller diameters remains a grand challenge.

2.3.  Multi-dimensional nanostructures

The fabrication of multi-dimensional CeO2 nanostructures
has not been intensively investigated so far [78]. As illustrated
in Fig. 5, an interesting work has revealed that very thin CeO2
nanoplates (thickness of 3 nm and average diameter of 40 nm)
preferentially exposing the {100} facets were found to be more
active for CO oxidation than the nanotubes (diameter of 25 nm
and length of 200 nm) and nanorods (20 nm in diameter and
500 nm in length) which mainly expose the {110} facets [79].
Subnanometer-thick nanoplates (thickness of less than 1 nm
and linear size of 20-80 nm) were prepared by a slow hydroly-

sis of cerium nitrate in aqueous solution using hexamethylene-
tetramine as the structure-directing agent [80]. Recently, CeO2
nanoplates having a thickness of about 2 nm have been pre-

Fig. 5. Multi-dimensional CeO2 nanostructures. (a-c) TEM images of the
CeO2 nanoplates with the thickness of 3 nm and the average size of 40
nm that preferentially exposed the reactive {100} facets. Reproduced
with permission from Ref. [79]. Copyright 2008 Elsevier Inc. (d-f) Sub-
nanometer-thick CeOz nanoplates (thickness of less than 1 nm and
linear size of 20-80 nm). Reproduced with permission from Ref. [80].
Copyright 2009 Springer. (g) Single-crystalline-like CeO: hollow
nanocubes with an average edge length of 120 nm and a shell thickness
of 30 nm. Reproduced with permission from Ref. [89]. Copyright 2008
American Chemical Society. (h) SEM images of well-aligned Ce0O: nano-
rods arrays. Reproduced with permission from Ref. [82]. Copyright
2008 American Chemical Society. (i) SEM image of the 3D flowerlike
ceria. Reproduced with permission from Ref. [83]. Copyright 2007
American Chemical Society.
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pared by a facile and robust solution phase approach with the
assistance of mineralizers that accelerate the crystallization
process and control the morphology of ceria nanocrystals [81].
The obtained ceria nanoplates that are enclosed by six (100)
facets exhibited a much higher oxygen storage capacity. Hier-
archical structures such as arrays of nanorods [82], flowery
shapes [83,84], nanopindles [85], and hollow spheres [86-88]
were synthesized by hydrothermal-like processes with the aid
of complicated structure-directing agents. Most interestingly,
single-crystalline-like CeO2 hollow nanocubes with an average
edge length of 120 nm and a shell thickness of 30 nm have been
fabricated solvothermally using peroxyacetic acid as the oxi-
dant without using any template [89]. This hollow structure
was well retained at relatively high temperatures (up to 573 K)
and exhibited a higher catalytic activity toward CO oxidation.

3. Gold-ceria interfacial structure in Au/Ce0:2 catalysts

Because the exciting finding that nanosized gold particles,
dispersed on metal oxides, highly active for
low-temperature oxidation of CO [5], intense studies have con-
tinuously addressed the nature of the active sites [8,9,90-92]. A
general consensus is that the origin of the catalytic activities of

were

gold can be assigned to the interfacial perimeters between Au
nanoparticles and their oxide supports. In addition to the size
effect of gold particles (< 5 nm to achieve high activity), oxide
supports also affect their catalytic performance significantly,
and reducible oxides with highly mobile lattice oxygen are typ-
ically superior to non-reducible ones [9,93-95]. Among these
systems, Au/CeOz catalysts have gained particular attention
because of their exceptionally high activities in
low-temperature CO oxidation and WGS reaction. These two
probe reactions typically occur on the gold-ceria interface
where the gold particle provides adsorption sites for CO and
the ceria support supplies oxygen species generated either
from molecular oxygen or water in the feed stream. In such a
reaction model, the CeOz support plays two essential roles. One
is to offer active oxygen species through a redox cycle between
the lattice oxygen and the molecular oxygen or water in gas
phase [96,97] and the other is to disperse and stabilize gold
species through strong metal-support interactions [98]. Both
functions require the participation of the surface oxygen va-
cancies which are intimately associated with the size and shape
of the CeOz2 particles. Two prominent works on Au/CeO: cata-
lysts provided convincing experimental data and facilitated
such a fundamental understanding [33,99]. CeOz nanocrystal-
lites of about 3 nm increased the activity of gold nanoparticles
for CO oxidation by two orders of magnitude owing to the large
amounts of surface oxygen vacancies on ceria [99]. CeO2 nano-
rods enhanced the of gold particles for
low-temperature WGS reaction because of the strong gold-ceria
interaction, induced by the dominantly exposed reactive {110}
and {100} planes that greatly facilitated the generation of oxy-
gen vacancies [33] (Fig. 6).

Based on the general understanding that the shape of ceria

activities

particles has considerable influence on the active gold-ceria
interfacial perimeters, CeO2 nanorods, nanocubes, and nano-
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Fig. 6. Au nanoparticles supported on CeO; nanorods, nanoparticles,
and nanocubes and their activities in the water-gas shift reaction. Re-
produced with permission from Ref. [33]. Copyright 2008 Wiley-VCH
Verlag GmbH & Co. KGaA.

particles have been used to disperse gold nanoparticles, and
the impact of their morphology has been examined in catalytic
reactions. CeOz nanorods with diameters of 20-30 nm and
lengths up to tens of micrometers were used to support Au
nanoparticles with crystallite sizes of 10-20 nm, but the activi-
ty for CO oxidation was not impressive perhaps due to the large
sizes of the two components [100]. Gold clusters supported on
ceria nanoparticles, nanorods, and nanocubes were compara-
tively examined for CO oxidation [101,102] and preferential
oxidation of CO in rich hydrogen [103,104]. The shapes of ceria
particles significantly affected the dispersion of gold nanoparti-
cles and subsequently the Au-CeO: interactions. Most of the Au
species on CeO2 nanorods (10 nm in diameter and 50-200 nm
in length) were found to be in the form of Au* and/or Au3+,
which differed largely from those on CeOz nanocubes (26 nm)
or nanoparticles (8 nm), resulting in a much higher activity. Au
nanoparticles dispersed on ceria nanorods, nanocubes, and
nanopolyhedra were also investigated for WGS reaction
[33,105]. CeOz nanorods, enclosed by {110} and {100} planes,
bonded gold particles more strongly and created more active
sites, resulting in a considerably enhanced activity. When used
to catalyze methanol steam reforming, subnanometer gold
clusters on rod-like CeOz still exhibited a much better reactivity
than those on CeO2 nanocubes [35,106,107]. These results con-
sistently affirmed that gold nanoparticles on ceria nanorods are
more active than those on CeOz nanoparticles or nanocubes;
the rod-like structures efficiently stabilize Au particles and/or
cationic species through the presence of large amounts of sur-
face oxygen vacancies.

The gold-ceria interactions simultaneously involve the sur-
face oxygen vacancies of ceria and the specific chemical states
of gold species [108]. The function of the oxygen vacancies is to
stabilize metal particles against sintering through strong
chemical bonding [109]. The chemical nature of the surface
oxygen vacancies on CeOz {111} have been indentified to be
linear clusters that exclusively expose Ce3* ions [110], and
these types of cluster vacancies have promoted the reducibility
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of ceria nanorods that predominantly expose the {100} and
{110} planes [111]. On the other hand, Au particles, clusters,
and cationic species with a rather wide size distribution are
often present in most of the Au/CeO2 catalysts; their contribu-
tions to the overall reaction efficiency are, however, controver-
sial [35,97,112]. Faceted gold particles on ceria can be easily
identified by HRTEM technique, but the tiny clusters (less than
1 nm) as well as the cationic species are mostly invisible and
can hardly be observed in HRTEM images, hindering a conclu-
sive understanding of the shape effect of Au particles. To date,
the intrinsic nature of the gold-ceria interfacial structures is
still highly speculative although we are convinced that the
morphology of CeO: affects its catalytic performance signifi-
cantly.

It is well acknowledged that the gold-ceria interface acts as
the active site in CO oxidation [9,90,99,113], in which the OSC
of ceria and the sizes of gold particles are the key parameters.
The former is responsible for the activation of oxygen mole-
cules, while the later adsorbs and activates CO. However, very
little is known with respect to the dynamic behavior of the
gold-ceria interfaces under the reaction conditions. Au/CeO2
catalysts with well-defined sizes and shapes can be synthe-
sized, but such nanostructures vary largely during the course of
reaction because both the temperature and the gas constituents
induce changes in surface and interface energies. Consequently,
unless strongly anchored, Au nanoparticles sinter rapidly un-
der realistic reaction conditions, the gold-ceria interfacial re-
gions would be dramatically modified.

In fact, direct observation of working solid catalysts and
their structural evolution during the course of reaction is of
utmost importance in obtaining insights into the relationship
between the catalyst nanostructure and the reaction perfor-
mance [114]. The variations in size and shape of gold particles
at elevated temperatures in the Au/CeO2 catalysts have been
observed [115-119]. One interesting phenomenon was that the
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Fig. 7. Sequential high-angle annular dark-field scanning transmission
electron microscopy (HADDF-STEM) images of the structural change of
an Au nanoparticle on CeO: under electron beam irradiation. Repro-

duced with permission from Ref. [119]. Copyright 2011 Springer.

atomic structure at the perimeters of the Au/CeO2 interfaces
changed significantly through a cyclic process of layer-by-layer
shrinkage and recovery of Au nanoparticles (Fig. 7). During the
TEM observations, relatively small Au nanoparticles were
found to shrink layer-by-layer and eventually disappear,
whereas a monolayer tended to remain. After the electron
beam was turned off and the sample remained in the chamber,
Au nanoparticles were found to recover at the same positions.
This dynamic behavior is likely associated with the formation
and annihilation of oxygen vacancies in CeOz. The Au atoms at
the edges of the interfacial perimeters bonded to oxygen va-
cancies or Ce-terminated surface regions. These visual results
provided valuable insights into the mechanisms of structural
changes of the Au/CeO: catalysts. However, since the observa-
tions were conducted inside the vacuum chamber of the elec-
tron microscope, there is no guarantee that the observed phe-
nomenon represents the true behavior of Au particles under
reaction atmospheres. Most recently, the shape changes of Au
nanoparticles in Au/CeOz2 catalysts have been examined under
reactive gases at ambient temperature. It was interestingly
observed that CO adsorbed at the on-top sites of Au atoms on
the nanoparticles caused the particle to restructure during CO
oxidation at room temperature [120]. In particular, the recon-
struction mainly occurred on the {100} facets of the Au nano-
particle; the surface structure of the {100} facets underwent
modifications that allowed CO adsorption at a higher surface
converages. This morphology change in Au nanoparticles cor-
rected well with the catalytic activity in CO oxidation [121]. CO
molecules were adsorbed on the surface of Au nanoparticles
and simultaneously stabilized the Au particle in polyhedral
shape enclosed by the major {111} and {100} facets; Oz mole-
cules were dissociated into active oxygen species probably at
the perimeter interface between Au nanoparticles and the ceria
support, inducing the formation of rounded or fluctuating mul-
tifaceted surfaces of Au nanoparticles. These atomic-scale visu-
alizing evidences deepened the mechanistic understanding of
gold-ceria catalysts under reactive atmospheres at ambient
temperature (Fig. 8).

We have prepared CeOz nanorods and nanoparticles and
examined their shape effects in Au/CeOz catalysts [32,113]. The
CeO2 nanorods were prepared by an alkali-assisted hydro-
thermal process, while the nanoparticles were prepared by a
conventional aqueous-phase precipitation route. As generally
expected, the spherical nanoparticles mainly exposed the most
thermodynamically stable {111} facets, whereas the nanorods
were dominantly enclosed by the reactive {110} and [100]
planes [32]. This result reaffirms that the morpholo-
gy-dependent effect of ceria nanostructures and the higher OSC
of the nanorods are largely responsible for the enhanced CO
oxidation activity. In order to maintain their stable shapes dur-
ing the assembly of Au/CeO2 catalysts, both nanoparticles and
nanorods were calcined at 973 K in air. Consequently, the CeO2
nanoparticles had an average size of 12 nm with predominantly
exposing the {111} facets. The nanorods had an average diam-
eter of about 8 nm and lengths ranging from 80 to 150 nm,
mainly enclosed by the {111} planes (Fig. 9).

Au nanoparticles were loaded on these ceria nanostructures
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Fig. 8. Au{100}-hex reconstructed surface under catalytic conditions.
Au nanoparticles supported on CeO: in a vacuum (a) and a reaction
environment (1 vol % CO in air gas mixture at 45 Pa at room tempera-
ture) (b). Two {100} facets are present in the rectangular regions indi-
cated by I and Il in (a). The enlarged images of these regions in vacuum
and in the CO in air gas mixture are shown at the bottom of (a) and (b),
respectively. Reproduced with permission from Ref. [121]. Copyright
2012 American Association for the Advancement of Science.

by a deposition-precipitation method, followed by calcination
of the samples at 673 K in order to assure that the chemical
state of the Au particles was metallic. The average size of the Au
particles on the nanorods was about 3 nm whereas it was 4 nm
on the nanoparticles, showing the advantage of the rod-shaped
support in dispersing gold particles. It is noteworthy that Au
particles on the CeO2z nanorods had a polyhedral shape but they
maintained a hemispherical shape on the CeO: nanoparticles,
reflecting substantially different types of interfacial structures
between the Au particles and the ceria supports (Fig. 10). In
other words, the Au-CeO2 interface had an acute angle on the
nanorods but rather an obtuse angle on the nanoparticles. The
smaller contact angle between gold and ceria suggested a high-
er interfacial energy and thus a much stronger Au-CeOz2 inter-

CO conversion (%)
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action on the nanorods-shaped support. That is, the bonding of
gold particles on ceria nanorods was much stronger than that
on the nanoparticles.

The Au/CeOz-nanorods catalyst was highly active and ex-
ceptionally stable for CO oxidation at room temperature and
the conversion of CO maintained at the level of 75%-90% for
40 h on-stream. On the Au/CeOz-nanoparticles catalyst, how-
ever, the conversion of CO was only 70% at the initial stage,
followed by a rapid deactivation with the CO conversion of only
about 30% at the end of the operation. Supported Au nanopar-
ticles often showed distinctively high initial activity but suf-
fered from a rapid deactivation caused by the easy sintering of
Au nanoparticles. Here, the outstanding stability achieved on
the Au/CeOz-nanorods catalyst is straightforwardly attributed
to the strong chemical bonding of gold onto CeO2 nanorods.
Kinetic studies further revealed that for CO oxidation the turn-
over frequency of the Au/CeOz-nanorods catalyst was much
higher than that of the Au/CeOz-nanoparticles catalyst. By ad-
justing the sizes of Au particles on both catalysts to about 4-7
nm, the turnover frequencies of gold in CO oxidation at room
temperature were 1.8 x10-2 s-1 on CeOz nanoparticles and
2.7x10-2 s-1 over CeOz nanorods (CO conversion was 3%-5%).
These experimental data clearly showed that ceria nanorods
not only enhanced the activity but also stabilized the Au parti-
cles during CO oxidation.

We further used environmental TEM (ETEM) to directly
observe the evolutions of the gold-ceria interfaces in the
Au/CeOz-nanorods catalyst under oxidizing and reducing at-
mospheres at 573 K [122] (Fig. 11). In an oxidizing environ-
ment (10 vol%02/Nz), the Au particles of about 3 nm in diame-
ter rotated and vibrated locally but did not move to aggregate.
They were tightly anchored on ceria nanorods and the
gold-ceria interfacial structure remained stable. When exposed
to a relatively reducing but reactive atmosphere (42 vol%C0-6
vol%02/Nz), the gold-ceria interfaces gradually restructured
with the emerging of CeOz layer around the gold particle. With
extending the reaction time, more ceria layers appeared
around the Au particle and the gold-ceria interfaces dynami-
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Fig. 9. TEM images of the CeO2 nanoparticles with an average size of 12 nm (a, b). TEM images of the CeOznanorods having an average diameter of
about 8 nm and lengths of 80-150 nm (c, d). CO oxidation activities of the CeOz nanoparticles and nanorods (e). The reaction was conducted with a

1.0 vol%C0-20.0 vol% 02/N2 (30000 ml/(g-h)).
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Fig. 10. HRTEM images and contact patterns of a gold nanoparticle on
CeOz nanorods and nanoparticles (a-c). CO oxidation at room temper-
ature in 1.0 vol%CO0-1.0 vol% 02/Nz, 30000 ml/(g-h) (d).

cally fluctuated. At the same time, the shape of the Au particles
changed, primarily driven by the underlying redox cycle of the
ceria support involving the participation of oxygen vacancies.
Under this reactive atmosphere, CO adsorbed on the Au particle
and reacted with nearby ceria lattice oxygen, forming CO2 and
simultaneously generating more oxygen vacancies. The subse-
quent oxidation by gas phase oxygen molecules restored the
stoichiometric CeO2 composition. This redox cycle reshaped the
Au particles and accordingly reconstructed the gold-ceria in-
terfaces. These observations have convincingly demonstrated
that the CeO2 nanorods not only control the equilibrium shape
of the Au particles via the presence of large amount of surface
oxygen vacancies, forming a stable Au-CeO: interfacial struc-
ture that offered rather high activity for CO oxidation, but also
stabilize the Au particles even at temperature up to 573 K. The
dynamic behavior of the gold-ceria interface structure will have a
strong impact on the design and fabrication of active and stable Au
nanocatalysts through morphology control of the ceria support.

4. Conclusions and perspectives

Nanomaterials that preferentially expose the reactive facets
through size and shape control provide the possibility to finely
tune the catalytically active sites. The ultimate goal of
shape-dependent nanocatalysis is to design and fabricate cata-
lytic materials that could expose more active sites within a

uniform nanostructure. The approach of integrating nano-
materials fabrication and surface science offers a new strategy
to study the fundamental question of intrinsic struc-
ture-reactivity relationship and to create highly efficient het-
erogeneous catalysts for practical applications. As a widely
used metal oxide, ceria showed an apparent shape-dependent
phenomenon with the general observation that the nano-
rods-shaped structure with primarily exposing the {110} and
{100} facets is more active in oxidation reactions than the con-
ventional spherical nanoparticles. Such a unique behavior is
correlated with the high surface energies of the {110} and
{100} facets. Moreover, the shape of ceria particles also alters
the gold-ceria interfacial perimeters and consequently affects
the catalytic activities of Au/CeO: catalysts for
low-temperature CO oxidation and water-gas shift reactions.
The morphological effect can now be experimentally investi-
gated by dispersing gold nanoparticles on ceria nanostructures
and theoretically studied on the basis of surface science find-
ings on single nanocrystals and density-functional theory cal-
culations [98,108,123-128].

In this context, skillful synthesis of shape-controlled ce-
ria-based nanomaterials will be the most priority. The major
topics might be: (1) high percentage of exposure of (100)
and/or (110) planes on ceria nanostructures, like nanorods,
nanocubes, and nanotubes with smaller dimensions, (2) the
contributions of different planes to the total reaction and the
synergetic function among the crystalline planes, and (3) ce-
ria-based binary oxide nanocrystals, in particular CeO2-ZrO:
[129-131], Ce02-MnO2 [132,133], and CeO2-TiOz [134-136].
These mixed oxides, often in the form of solid solutions, are
more efficient as catalytic materials than ceria alone. Because of
the different nucleation behavior and growth kinetics of cerium
and zirconium (manganese or titanium) species in solution
phase, however, effective control of the mixed oxides with re-
spect to homogeneous chemical composition, uniform crystal-
linity, and tunable shape is challenging. In addition, the stability
of the oxide particles under catalytic reaction conditions is an-
other ground challenge. Up to date, most of the ceria-related
nanoparticles, especially nanorods, nanowires, and nanocubes,
have been prepared in liquid phase and their sizes and shapes
were maintained only in the presence of complicated capping
agents. When used for catalytic reactions, however, the surface
atomic configurations might experience rearrangement or re-
construction induced by the temperature and the reaction at-
mosphere. Meanwhile, the role of the surfactant used to main-
tain the specific nanostructures is somewhat controversial in
interpreting the catalytic properties. In most cases, significant
amounts of surfactants have been used to direct the fabrication
of the nanostructures. The size and shape was readily con-
trolled by mediating the relative growth rate of different crystal
planes, realizing a preferential exposure of the desired reactive
facets. But this approach only results in a kinetically stable
nanostructure. The exposed facets may easily transform into
thermodynamically stable spherical nanoparticles upon expo-
sure to the reaction conditions or removing the surfactants.
Therefore, more efficient routes to prepare ceria nanomaterials
with stable size and shape, hopefully without the presence of
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Fig. 11. ETEM images of the Au/CeOz-nanorods catalyst under oxidizing and reducing atmospheres at 573 K. A stable truncated octahedral Au parti-
cle (ca. 3 nm) under 10 vol%02/N: atmosphere (a) and under 42 vol% CO-6 vol% 02/N: environment (b), respectively. Another Au particle of about 3
nm in size under a 42 vol% CO-6 vol% O2/Nz atmosphere at 573 K, clearly showing that reshaping of the gold particle was associated with the in-
crease in the thickness of the growing ceria layers at the gold-ceria interfacial region and the chemical nature of the newly formed ceria layers was
identified as CeO1.714 (c). Reproduced with permission from Ref. [122]. Copyright 2012 American Chemical Society.

surfactants or to remove the surfactants easily while maintain-
ing the nanostructure, are highly expected.

Concerning the Au/CeO2 catalysts, in spite of a huge number
of studies on this topic, the nature of the active sites is still un-
der debate. The challenges are: (1) quantitative determination
of the size and shape of gold particles on ceria, especially the
subnanometer gold clusters and the possible cationic gold spe-
cies; (2) size and shape control of gold particles/clusters on the
(111), (110), and (100) facets of ceria; (3) selective anchoring
of gold particles on a specific surface plane of ceria and quanti-
tative control of gold-ceria interfacial structures; and (4) dy-
namic behavior of the gold-ceria interfaces under realistic reac-
tion conditions. The catalytic stability has long been viewed as
a pivotal challenge for gold nanocatalysts. In most cases,
Au/CeO:2 catalysts showed exceptionally high activities at the
initial stages of the chemical reactions, but followed by rapid
deactivations. This is inherently associated with the easy sin-
tering of Au nanoparticles under reactive atmospheres and at
elevated temperatures, which restructures the gold-ceria in-
terfaces. Direct observation of the Au/CeO: catalysts at func-
tionalizing states, for example CO oxidation and water-gas shift

reaction, may reveal fundamental mechanisms of the gold-ceria
interfacial reactions and thus provide clues to solve the deacti-
vation problem by enhancing the chemical bonding of gold on
ceria. ETEM has now opened up the unique possibility to mon-
itor the structural evolution of heterogeneous catalysts during
exposure to reactive gases at elevated temperatures, allowing
us to directly image the size, shape, and interfacial structures of
individual nanoparticles in their working state and identify the
dynamic structures of gas-induced changes at the interfacial
regions. Together with the conventional spectroscopic techniques
used for the study of working catalysts, the dynamic behavior of
supported metal catalysts including the Au/Ce0O2 system would
be well explored and the intrinsic active structures under cata-
lytic conditions would be clarified convincingly.
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