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The role of ceria-based nanostructured
materials in energy applications
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Ceria (CeO2) is enjoying increasing popularity in catalytic applications, and in some cases has

established itself as an irreplaceable component. The reasons for such success stem from the intrinsic

structural and redox properties of ceria. Reducing the ceria particles to the nanoscale has a profound

impact on the catalytic behavior. The proliferation of improved synthetic methods that allow control

over the final morphology and size of the nano-structures is opening new possibilities in terms of

catalytic potential, particularly for energy-related applications.
Introduction
The fast growth rate of the world population is one of the core

factors accounting for the exponential increase in the yearly

energy consumption. As of today, the main energy sources fulfill-

ing global demands derive from stock or fossil fuels. However,

there are rising concerns over the projected shortage of such

energy supplies at the current level of per capita usage.

For this reason, the discovery of alternative energy sources has

become a main priority in the scientific community, prompting

the development of new technologies able to quench the energy

thirst in the short- to medium-term future. In particular, emphasis

is being given to those technological discoveries that embrace

sustainability and environmental issues; in this context, there is

large consensus among researchers that renewable energy sources

are the only way forward to guarantee the consistent welfare of

human society [1,2].

Since the 1980s, cerium dioxide, commonly known as ‘‘ceria’’,

has established its role as one of the most promising materials for

environmental and energy applications. From an environmental

point of view, CeO2 (and more specifically the mixed oxide CeO2–

ZrO2) has gained an irreplaceable role as a promoter in three-way

catalysts (TWCs) for the emission control of auto-exhaust pollut-

ing gases [3–5]. In addition to this major application, there are

significant examples where CeO2-based systems have proved to

be outstanding components in the energy sector. In this context,
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the latest advances have converged towards one desirable charac-

teristic: the reduction of CeO2 structure size to the nanoscale level.

The goal of this review is to provide some key examples on the

synthetic methods to access nano-structured ceria and their use as

building blocks in the hierarchical assembly of high-ordered

structures. Finally, energy applications where CeO2 nanostruc-

tures are increasingly acquiring a central role will be highlighted.

Key properties of CeO2

Cerium has two stable oxidation states, +4 and +3, and the

relatively ease of switching between these two states is the essential

factor for its catalytic activity. This rapid change of oxidation state

is related to its ability to store and release oxygen, a property

measured by the ‘‘oxygen storage capacity’’ (OSC). The typical

fluorite-type structure of CeO2 is retained through the temperature

range from room temperature to the melting point. However, the

Ce–O phase diagrams show that under reduction conditions, CeO2

can release oxygen, undergoing phase transformations to a series

of reduced oxides (CeO2�x). The process is reversible and the re-

oxidation to CeO2 occurs at higher oxygen pressures [6]. In other

words, ceria can act as an efficient oxygen buffer (Fig. 1).

The mobility of oxygen ions in ceria materials is another essen-

tial aspect for catalysis and electrochemical purposes [7]. Oxygen

ion diffusion is closely linked to the structural defects present in

the materials [8]. Distinctive types of defects that are important in

catalytic applications are the oxygen vacancies (Vo
��), which can

be introduced by doping the ceria lattice with oxides of metals

with oxidation state lower than (IV) and lead to enhanced ionic
/dx.doi.org/10.1016/j.mattod.2014.05.005
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FIGURE 1

Crystal structure of doped ceria, showing undoped CeO2 (right cube), and

lanthanide-doped CeO2 (left cube) with an oxygen vacancy (small sphere).

Reprinted from ref. [10] with permission from the Copyright (2006) National

Academy of Sciences, USA.
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conductivity [9,10]. It is worth mentioning that other molecules

can be stored within the ceria bulk, and be exploited for important

energy- or environmental-related catalysis. For example, CO is one

molecule that can be readily stored and this gives rise to the

possibility of using ceria-based materials for processes such as

CO preferential oxidation (CO-PROX) [11,12]. The stored CO

can also be used to reduce environmentally malign species such

as NO [13]. Quantum mechanical simulations have been used to

explain the mechanism of the storage, release and transport [14].

Nano-structured ceria-based materials: synthetic
methods
Upon decrease of the particle size, distinct physical and chemical

properties as compared to bulk materials arise. One such property,

very important in catalysis, is an increase of lattice constants

(lattice relaxation), associated with the compositional and local

structural changes from fluorite-type (CeO2) to sesquioxide-type

(Ce2O3), and consequently an increase of the oxygen vacancy

content [15,16]. Hence, mobility of oxygen ions is increased.

Tailoring the shape of the nanoparticles has become a central

consideration in the assembly of CeO2-based materials. Indeed,

despite the cubic phase of the fluorite structure and therefore its

isotropicity, the different facets are not equal with respect to the

atomic arrangement. As a result, maximization of the exposure of

certain facets can lead to significant improvements in catalytic

performances. Efforts are being made to find a correlation between

the surface science relative to the exposed facets and the material

science for heterogeneous catalysis [17]. The surface chemistry of

ceria also includes theoretical studies [18].

The development of a large arsenal of synthetic methods for the

preparation of CeO2 nanoparticles has given access to a variety of

geometries including materials with zero-, one-, two- and three-

dimensional control of nanostructures [19].

Zero-dimensional (0D) nanoparticles are most straight forward

to obtain, given the absence of a preferential growth direction of

the fluorite-type seeding crystals. Trivially, CeO2 nanopolyhedra

are synthesized by applying standard protocols applied to nano-

particles of other materials. Co-precipitation exploits the extreme-

ly low solubility of ceria and is a simple and valuable technique. It
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is carried out in alkaline solutions with NaOH [20], urea [21],

ammonia [22], etc. as precipitating agents. To avoid quick precipi-

tation of too small-sized crystals the presence of surfactants such as

cetyltrimethylamonium bromide (CTAB) [23] or polyvinylpyrro-

lidone (PVP) [24] is required, allowing better control of the par-

ticles dimensions.

Structures of higher dimensional complexity (1D, 2D and 3D) are

synthetically more demanding and require accurate fine-tuning of

reaction conditions. Their preparation is based on the two-stage

sequence of nucleation and controlled crystal growth, both impor-

tant to determine the final architecture. During nucleation, forma-

tion of many small crystallites takes place, and surface energies play

a pivotal role in ensuring crystal size increase. In the second stage,

aggregation of the crystals occurs and needs to be controlled in order

to direct the assembly towards the desired structure.

1D CeO2 nano-particles undoubtedly represent the most stud-

ied type of structure on account of their peculiar physical proper-

ties and their potential as components in nanodevices [25].

Accessible architectures include nanowires, nanotubes, nanorods

and nanospindles and many 1D materials have been reported,

together with studies of the mechanisms of formation [26,27].

In general terms, the assembly relies on two approaches differ-

ing in whether the procedure involves use of a surfactant or not.

Surfactant-free methods exploit capping agents that can specif-

ically protect some facets during nucleation, thus altering surface

energies and breaking the isotropicity of the face-center cubic

system. Even simple counter-anions such as Cl� and NO3
� have

been shown to direct the synthesis towards nanospheres, nano-

wires or nanorods by preferential interaction of the anion with one

crystallographic facet (Fig. 2) [28,29].

In the surfactant-assisted approach, instead, the role of the

surfactant is to act as a template, favoring anisotropic growth

along a specific direction by spatial confinement (hard template

method) or by means of preferential interaction of one surface

plane with surfactant micelle systems that spontaneously self-

assemble into 1D structures at critical concentrations (soft tem-

plate method).

Popular hard templates for 1D geometries include anodic alu-

minium oxide (AAO) [30] and polycarbonate membrane filters

[31]. Carbon nanotubes (CNTs) have also emerged as intriguing

removable templates [32,33].

Templating by soft surfactants appears to be a more versatile

method to build mono-dimensional arrangements, and a large

variety of soft templates has been reported to efficiently assist

formation of 1D morphologies. Common soft templates include

CTAB, oleylamine, polyvinylpyrrolidone (PVP), ethylenediamine,

ethylene glycol, alkyltrimethylammonium salts and others.

It must be noted that the (soft) template approach is a general

technique and features chemical species that are not specific for a

single type of structure, but the final geometry rather evolves by

the applied synthetic conditions. Therefore, several parameters

such as temperature, reaction time, cerium precursor, surfactant/

cerium ratio, pH, etc. can decisively affect the final outcome, with

discrimination also encompassing possible 2D and 3D structures

formation.

Indicative examples include the formation of CeO2 nanowires

and nanorings assisted by sodium bis(2-ethylhexyl)sulfosuccinate

(NaAOT) [34,35] and the ethylene glycol-mediated assembly of
/dx.doi.org/10.1016/j.mattod.2014.05.005
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FIGURE 2

HRTEM of a typical nanorod view along {0 0 1} direction (a) and corresponding SAED pattern (b); HRTEM image of a typical nanorod view along {1 1 0}(c)

and corresponding SAED pattern (d); (e) structural model of CeO2 nanorods. Reprinted from Ref. [29] with permission from Elsevier Ltd.
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FIGURE 3

(a) SEM of annealed CeO2 nanospheres; (b and c) CeO2 nanospheres TEM images and its electron diffraction pattern (d); EDX of nanospheres, (e) SEM and

(f ) TEM images of annealed CeO2 microrods, (g) HRTEM image of CeO2 microrods, (h) SEM image of CeO2 spindle-like particles and (i) TEM and HRTEM
images (inset) of individual particles Reprinted with permission from Ref. [36]. Copyright 2005 American Chemical Society.
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nanorods, nanospindles and nanospheres, where the final geome-

try is controlled by the reaction time and the concentration of the

cerium precursor (Fig. 3) [36].

As far as 2D morphologies are concerned, the choice for the

preparative protocol seems to be restricted to the template-assisted

method, in view of the difficult control of the crystal growth rate

along two or more facets. One template-free method to prepare

disk-like morphologies was reported by Zhong et al. via solvother-

mal synthesis, with disks reaching micro-sized dimensions [37],

while cobalt-doped CeO2 nanostructures with disks and triangular

shapes were attained by tuning the doping amount of cobalt
Please cite this article in press as: M. Melchionna, P. Fornasiero, Mater. Today (2014), http:/

FIGURE 4

Top: Scheme of the evolution of flowerlike CeO2 microspeheres. Bottom: Morpho

(c) 6 h, (d) 9 h, (e) 12 h and (f ) 18 h. Adapted with permission from ref. 39. Copy
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nitrate through hydrothermal reaction [38]. 3D materials have

been synthesized in several morphologies. One of the most inves-

tigated is the flower-like shape, which is gaining attention because

it has been shown to possess significant physical properties related

to its porosity and surface area. A multi-process complex mecha-

nism has been proposed for the generation of three-dimensional

hollow spheres with nano-petals possessing high surface area

(92.2 m2 g�1), large pore volume (0.17 cm3 g�1), and marked

hydrothermal stability (Fig. 4) [39].

Hard templates have also been used to prepare other 3D struc-

tures. By using silica spheres as templates, successively removed by
/dx.doi.org/10.1016/j.mattod.2014.05.005

logy evolution. SEM images of the product obtained after (a) 0 h, (b) 3 h,

right 2006 American Chemical Society.
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FIGURE 5

Assembly process for the preparation of a nanocrystal bilayer ‘tandem catalyst’.
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etching with NaOH solution, hollow nanospheres were success-

fully prepared [40].

Other 3D available structures include prisms and cubes. For

example, cubes and three-dimensional octahedra were prepared

by hydrothermal methods using different precursors [41], while

prism-like structures have been reported to be selectively formed

upon appropriate concentrations of OH� [42].

Metal/ceria catalysts and hierarchical systems
In the vast majority of catalyst systems, CeO2 is combined with

another metal species that acts as the ‘‘nominal’’ active species,

while ceria functions as support. The word ‘‘nominal’’ must be

introduced because CeO2 has a much more complex role. There is a

demonstrated synergism between the support (that in these cases

is referred to as ‘‘active’’) and the metal catalyst; [43] therefore the

actual active species is the result of the interplay between the two

phases, whose characteristics are merged rather than simply added

up [44].

A representative example is the investigation of a Pt/CeO2

system, where two types of oxidative metal–oxide interaction were

identified, and the nanoscale effect for the oxygen transfer from

the ceria to the Pt was proved, thus unravelling the mechanism of

formation for the catalytically indispensable Pt–O species on ceria

[45].

Another implicit aspect is that the as-prepared individual shapes

almost invariably undergo an assembly process into larger archi-

tectures. For example, in the earlier description of 3D nano-flow-

ers, it was implied that the final structure was actually the result of

the supramolecular assembly of smaller building blocks. In some

cases, the assembly can be controlled to a good extent; then the

term ‘‘hierarchal’’ system is commonly used, to emphasize a

process where the building blocks assemble in an ordered fashion

leading to specific types of larger architectures.

The hierarchical assembly of ceria-based materials offers an

immense potential in application-driven fields as the selectivity

and performance of the component can be tailored by accurately
Please cite this article in press as: M. Melchionna, P. Fornasiero, Mater. Today (2014), http:/
devising the order of assembly of individual subunits. Yamada

et al. harnessed a hierarchical assembly where Pt nanocubes were

bi-dimensionally layered onto a flat SiO2 sheet, followed by depo-

sition of CeO2 nanocubes. In this way, the Pt catalyst has a double

Pt–metal oxide interface and can act as a tandem catalyst for the

sequential two-step sequence of CH3OH decomposition to CO and

H2 (Pt–CeO2), and the hydroformilation of ethylene (Pt–SiO2)

(Fig. 5) [46].

One special type of hierarchical system involves formation of

core-shell structures, where the metal nanoparticles are embedded

into a ceria cocoon. A very versatile synthesis for materials with Pd

and Pt has been developed, where core–shell subunits can be

further stabilized by immobilization over Al2O3 [47]. By utilizing

a silane-modified Al2O3, the same types of core–shells were singly

deposited and exhibited exceptional stability and activity in the

oxidation of methane, which was completed at temperatures

below 400 8C. The noble metal nanoparticles escaped agglomera-

tion even at calcination temperatures as high as 850 8C due to the

effective protection of the CeO2 shell and the efficient immobili-

zation on the modified alumina (Fig. 6) [48].

Energy applications
With regards to energy applications, H2 production/purification

undoubtedly represents an exciting opportunity where nano-

structured CeO2 materials play a significant role. Fuel cells

[49,50] and photocatalytic water splitting are equally attracting

a great deal of attention [51,52].

H2 production
The incorporation of ceria-based materials, particularly ceria–zir-

conia mixed oxides, into the formulation of reforming catalysts

has been proved to endow the catalytic systems with additional

advantages in terms of activity and stability [53].

Ethanol is the most investigated fuel on account of its environ-

mentally low impact. As several products (such as acetone and

acetaldehyde) are formed during ethanol reforming, another key
/dx.doi.org/10.1016/j.mattod.2014.05.005

5

http://dx.doi.org/10.1016/j.mattod.2014.05.005


RESEARCH Materials Today �Volume 00, Number 00 � June 2014

MATTOD-330; No of Pages 9

FIGURE 6

Schematic representation of the agglomeration of Pd@CeO2 structures with the pristine alumina (a) and their deposition as single units after treatment of

the same support with triethoxy(octyl)silane (TEOOS) (b). From ref [48]. Reprinted with permission from AAAS.
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issue is the selectivity of the catalyst. Outstanding H2 formation

was reported by using a catalyst featuring CeO2–Cu. Together with

a concentration of hydrogen as high as 74%mol at relatively low

temperatures, neither traces of the ketone or aldehyde by-product

nor CO were detected. The great stability and selectivity of the

product was put in relation to the flower-shaped nano-structure of

the catalytic system [39].

Rh/CeO2 nanocube and nanorod catalysts were also proved to

be superior catalysts for steam reforming as compared to irregu-

larly arranged ceria nanoparticles. Moreover, the different beha-

viors of cubes vs rods strongly suggest a dependence upon the

crystallographic facets ({1 1 0} and {1 0 0} for nanorods and {1 0 0}

for nanocubes as measured by HRTEM analysis) exposed by the

two structures (Fig. 7) [54].
Please cite this article in press as: M. Melchionna, P. Fornasiero, Mater. Today (2014), http:/

FIGURE 7

H2 selectivities of the different Rh/CeO2 structures as a function of duration

on stream Reprinted from ref. [54] with permission from Elsevier Ltd.
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Although less attractive due to higher toxicity issues, reforming

methanol is another option that generally brings higher H2 evo-

lution rates. For instance, Au-loaded ceria nanocubes and nanor-

ods were investigated, with the latter displaying good activities

and selectivities, while the former turned out to be totally inactive

[55].

H2 purification
Water gas shift (WGS, Eq. (1)) and preferential oxidation (PROX,

Eq. (2)) are two important reactions, used to reduce the levels of

CO formed during H2 production.

CO þ H2 $ CO2þ H2WGS (1)

CO þ 1=2O2 ! CO2PROXðinlargeH2excessÞ (2)

Purification of H2 by means of (a combination of) these two

processes is crucial as the presence of CO can poison the metal

catalyst, affecting considerably the efficiency.

WGS is carried out in two stages: high-temperature (between

300 and 450 8C) and low temperature (between 200 and 300 8C).

Ceria appears to be particularly useful in the low-temperature

process, and it is normally used as a support for loading noble

metal catalysts (typically Pt, Au, Cu).

Nanostructured ceria-based composites using Au as the catalyst

have drawn attention as the most promising systems for CO

oxidation [56]. A classic example refers to the study carried out

by Fu et al. where gold–ceria materials displayed high activities for

WGS below 300 8C and the activity was dependent upon the size of

the ceria particles [57]. Other reports confirmed the importance of

nano-crystalline CeO2 for the enhancement in catalytic perfor-

mance [58]. Systems featuring nanocrystalline Pt and Au sup-

ported on nano-structured ceria were investigated and was

suggested that the metallic nanoparticles are mere spectators in

the WGS reaction, while the active species seems to be evolving by

association of non-metallic ionic Pt and Au species with cerium–

oxygen groups [59]. On the other hand, time-resolved X-ray
/dx.doi.org/10.1016/j.mattod.2014.05.005
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diffraction and X-ray absorption spectroscopy studies indicate that

pure gold nanoparticles in contact with oxygen vacancies can be

involved as active species [60]. However, research in this area is

very active and it has been demonstrated that various factors can

correlate with the activity in the WGS reaction and the mechanism

is still under debate.

Similar to the WGS, Au–CeO2 materials have proved to be

superior systems for PROX reactions. DFT calculations were used

to explain the higher Au activity vs Pt-based systems [61], while

comparison studies of Au/ceria and CuO/ceria in PROX reactions

showed a higher activity for the Au-based system while selectivity

was in favor of the CuO/ceria catalyst [62]. Once again, such study

relates to specific synthetic protocols of the two catalysts and

much care should be taken before drawing general trends. The

effect of doping the ceria support with Sm3+, La3+ and Zn2+ was also

investigated while employing nanostructured Au/CeO2 catalysts

for PROX, resulting in either higher (Sm3+ and Zn2+) or lower (La3+)

performances under the conditions used [63]. Enhanced stabiliza-

tion of the Au catalyst towards sintering was achieved by embed-

ding the Au NPs in highly porous nanocrystalline ceria, resulting

in materials with good activities and excellent thermal stability

[64].

Fuel cells
Ceria has been successfully integrated in several types of fuel cells.

Solid oxide fuel cells (SOFCs), are very attractive on account of

their benign environmental impact. In fact, the overall products of

SOFCs are simply electricity, water and heat.

These types of cell offer one more specific advantage, namely

the possibility of using a variety of fuels, including CO, given that

their functioning does not rely on the use of a noble metal, in

contrast with other types of fuel cells. On the other hand, they are

characterized by an elevated operative temperature that can reach

values as high as 1000 8C; this introduces a limitation as start-up

and shut-down times are too long; moreover, the component

materials are subjected to thermal stress. Therefore, one research

challenge currently lies in the development of low temperature

solid oxide fuel cells (LTSOFCs). In this context, ceria nanomater-

ials are being extensively explored as electrolytes with improved
Please cite this article in press as: M. Melchionna, P. Fornasiero, Mater. Today (2014), http:/

FIGURE 8

SEM images of single SOFC with doped ceria nanowire-carbonate electrolyte Rep
ionic conductivity. The enhancement in conductivity arises from

larger contribution of the grain-boundary conductivity in com-

parison with traditional polycrystalline solids. In this region,

nano-electrolytes exhibit faster oxygen ion diffusion than in the

bulk, in contrast with conventional micro-sized electrolytes

[65,66].

When used as electrolyte, ceria is generally doped with another

trivalent element (or less commonly bivalent), which results in

significant improvement of the ionic conductivity. Doping aug-

ments the oxygen vacancy concentration, which dictate the ionic

conduction, at least for cells composed of single phase electrolytes

[67,68]. Typical dopants are Gd2O3 (GDC), Sm2O3 (SDC), Y2O3

(YDC) and CaO (CDC).

Further developments have led to the general consensus that

two-phase electrolyte nanocomposites, where doped ceria is com-

bined with carbonates (Fig. 8) [69,70], hydroxides [71], sulfates

[72], halides [73] or oxides [74,75] results in an ionic conductivity

that can overcome single phase doped ceria by up to 10 orders of

magnitude. Other than as electrolyte, ceria is being widely inves-

tigated as electrode component [76]. It has been demonstrated

that integration of ceria allows the use of carbon-based fuels

because of its resistance to carbon deposition. For example, a

Pd–CeO2 core–shell system layered on a yttria-stabilized zirconia

(YSZ) anode was proved to increase considerably the performance

in SOFC. The system is effective either with H2 or CH4 as fuels,

displaying a higher dispersion of the Pd@CeO2 NPs in comparison

with bare Pd NPs. Dispersion was maintained at high temperature

under both oxidative (calcination) and operative reduction con-

ditions (Fig. 9) [77].

The geometry of the nano-structured CeO2 also appears to be a

parameter that can lead to improved performances. Li et al. pre-

pared flower-like structures of CeO2 and combined it with Ru to

assemble an iso-octane reforming catalyst that was applied to a

conventional anode of a SOFC. This was a structural variation to

the original work by Bernett et al. [50], and led to a significant

performance enhancement.

The utilization of CeO2 as components in anodic electrocata-

lysts has also been accomplished for polymer electrolyte-

membrane fuel cells (PEMFCs). By supporting Pd nanoparticles
/dx.doi.org/10.1016/j.mattod.2014.05.005

rinted from Ref. [70] with permission. Copyright 2010 Wiley.
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FIGURE 9

Structural comparison (schematic representations and corresponding TEM images) of the different YSZ anodes, emphasizing the best dispersion obtained

using Pd@CeO2 on silanated YSZ. Reprinted with permission from Ref. [77]. Copyright 2013 American Chemical Society.
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on a mixed CeO2/carbon black, the direct oxidation of ethanol fuel

was carried out with double performance in comparison with

standard Pd/carbon black catalysts [78].

Photocatalytic water splitting
Exciting opportunities arise from the activity of ceria in photo-

induced processes. Corma et al. had demonstrated a photovoltaic
Please cite this article in press as: M. Melchionna, P. Fornasiero, Mater. Today (2014), http:/

FIGURE 10

Scheme of the water splitting process by Au supported on ceria showing

the: (i) Photon absorption; (ii) electron injection from Au to ceria

conduction band; (iii) electron quenching by Ag+; (iv) water oxidation by
h+. Reprinted with permission from Ref. [80]. Copyright 2011 American

Chemical Society.
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response for nanometre sized CeO2 particles, which could ulti-

mately be exploited to construct an organic dye-free solar cell [79].

In the context of photocatalysis, however, ceria seems to be

particularly intriguing in the water splitting process, for the gen-

eration of H2. The effect of doping in ceria–zirconia mixed oxides

was explored in two-step photocatalytic water splitting, while

nanoparticulate CeO2 was used as a support to deposit Au NPs,

and the system exhibited higher efficiency than the standard WO3

when irradiated with visible light (l > 400 nm) (Fig. 10) [80].

An electrochemical synthesis of CeO2 nanorods on Ti substrates

was shown to result in predominant exposure of the {1 1 0} planes

which turned out to be the photocatalytically active facet for the

H2 evolution, and the authors related the activity to the special

redox properties of the CeO2 component [81].

Conclusions and perspectives
Nano-structured CeO2 has thoroughly proved its central role as a

versatile and superior active catalytic support for energy processes.

Enormous advances have been made in the control over the shape,

size and composition of CeO2-based materials. However, there is

still margin for synthetic optimization, particularly with an eye to
/dx.doi.org/10.1016/j.mattod.2014.05.005
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the economy of the preparative protocols for large scale produc-

tion and real implementation at an industrial level. In this con-

text, the stability of the as-prepared materials in a large spectrum

of operative conditions will also be of paramount importance.

More reliable tuning of the properties of the final composites,

such as the defect levels and oxygen ions/vacancies densities, as

well as the inherent reactivity of crystal facets and their exposure

to the reaction media are additional parameters that could be

better controlled.

Focus should also be placed on gaining a comprehensive knowl-

edge of the structure/performance relationship. In this respect, in-

depth mechanistic details of the crosstalk at the interface between

the ceria and the other active components would constitute

invaluable assets toward the design of catalysts with enhanced

activities and selectivities. Given the rapid progress in the estab-

lishment of improved characterization techniques and theoretical

analyses, such information appears to be well within reach: it is

therefore likely that we will soon be witnessing new important

breakthroughs in this fascinating research area.
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