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Ceria  has  been  very  successfully  employed  in oxidation  catalysis,  whereas  its application  in other  reac-
tions  has  been  less  intensively  investigated.  The  catalytic  activity  of  ceria  can  be  further  enhanced  by  the
use  of dopants,  and  it exhibits  structure  sensitivity  for numerous  processes.  The  rich  chemistry  of  cerium
oxide is gathered  and  discussed  in  the present  work,  where  the nature  of each  step  of  the  most  common
reactions  performed  on it is assessed.  Chemically  intuitive  computational  and  experimental  descriptors,
namely  acid-base,  redox,  and  structural  features,  are  put  forward  to correlate  the  observed  trends  among
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the  different  doped  and  undoped  facets.  We  have  attempted  to  generate  a robust  framework  that  maps  the
chemically  sound  descriptors  to the  experimental  fingerprints  and  theoretically  calculated  parameters.

© 2016  Elsevier  B.V.  All  rights  reserved.
edox

. Introduction

Ceria has reached an iconic status among binary oxides, as it
eeps more secrets than any other due to the versatile chemical
tructure, in addition to the fact that although being a rare earth
t is abundant and relatively cheap [1]. Ceria is an excellent play-
round to understand complex chemistry, as (i) it shows marked
tructure sensitive properties [2], which can be nowadays assessed
hrough shape controlled synthesis [3–5]; (ii) it shows both acid-
ase and redox chemistry [6,7]; (iii) it presents oxygen transport
roperties [8,9]; (iv) it is stable under harsh conditions [10]; (v)

t is relatively easy to modify by doping to improve its chemistry
11,12]; (vi) it presents interesting hydrophobic features [13,14];
nd (vii) it also exhibits a complex electronic structure that makes
odeling efforts challenging [15,16]. All these characteristics make

eria as a unique material with fascinating properties and a wide

cope of applications in heterogeneous catalysis [1,17].

The exploitation of the catalytic and chemical properties of CeO2
as been commonly based on its oxygen storage capacity, OSC
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926-3373/© 2016 Elsevier B.V. All rights reserved.
[11,15,18,19]. A good OSC material requires a few contributions: (i)
the cycling between the oxidized and reduced forms is energetically
not demanding (or, equivalently, it presents low vacancy formation
energy); (ii) easy transport of the vacancies (O atoms) between the
surface and the bulk and inside the bulk; and (iii) facile transfor-
mation between the crystal structures of the oxidized (CeO2) and
reduced (Ce2O3) forms or, at least, facile alignment of vacancies
through defect lines. The OSC has been instrumental to understand
the chemistry, either as a catalyst or a support, in many oxidation
processes [7,19]. Due to its OSC, ceria is also employed as a ceramic
electrolyte in solid oxide fuel cells, typically doped with aliovalent
cations [20–23].

Since the identification of these properties, numerous reactions
relying on the high oxidation ability of ceria-based materials have
been put forward. For instance, CeO2 can oxidize CO and soot,
especially at medium temperatures, and thus it is incorporated
in three-way catalysts in combination with metallic nanoparti-
cles [7,19]. Ceria also performs nicely in the preferential oxidation
(PROX) of CO in CO:H2 mixtures [24–26]. This reaction is required
to clean H2 feeds from impurities that can damage fuel cells if H2
is employed as an energy vector. In addition, it can also drive the
water-gas shift reaction, i.e. the production of CO2 and hydrogen

from a mixture of CO and water, thus improving the hydrogen con-
tent in syngas mixtures [26–28]. Furthermore, oxidation properties
can be extended to the application in the Deacon process [29]. This
reaction aims at the recycling of hydrogen chloride by employing

dx.doi.org/10.1016/j.apcatb.2016.02.035
http://www.sciencedirect.com/science/journal/09263373
http://www.elsevier.com/locate/apcatb
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Fig. 1. Schematic representation of the sets of frequent applications of CeO2 in catalysis, manifesting common steps in the reaction networks. The related inverse steps are also
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ersion of this article).

he following process 4HCl + O2 → 2Cl2 + 2H2O. The reaction can be
een as an oxidation and thus close to the traditional uses of CeO2,
ut at the same time the competition of Cl and O for the same type
f sites limits the application of the common descriptors for oxi-
ation processes [10,30–33]. Still, limiting the catalytic properties
f ceria to its use in oxidation is far a simplistic identification, as it
as recently shown to drive the semi-hydrogenation of alkynes to

lkenes under hydrogen-rich conditions [34–36]. The description
f this catalytic versatility sets a new landmark in the research of
hese materials.

Perhaps not so widespread but still largely studied are other
eactions performed over ceria, mostly involving simple or poly-
unctional organic molecules. The conversion of alcohols, e.g.

ethanol [37–41], ethanol [42,43], or polyols [44–46], has been
arried out on ceria, as well as other organic compounds [47–51].
ethanol is also used in the conversion of CO2 to dimethyl car-

onate (DMC) catalyzed by ceria [52–55]. Finally, NOx [56–58], SOx

59–64], and H2S [65–67] react on ceria leading to either oxidized
r reduced products depending on the reactant and the exposed
eria facet.

Fig. 1 illustrates the intricate map  of the most common reactions
atalyzed by CeO2. The links between the different steps and the
dentification of the chemical nature of each step are also shown.

 coherent systematization of the catalytic properties of ceria has
ot been yet undertaken, although many authors have pointed out
he need of separating the different terms as acid/base, redox, or
ondensation [68–73]. We  herein aim at revising these applica-
ions and to identify the principles that guide the performance of
eO2 in catalysis. For this purpose, a set of activity and selectivity
escriptors both for oxidations and hydrogenations are presented,
nd the detailed analysis is then applied to describe: (i) a set of
elevant reactions; (ii) several facets that account for the strong
tructure sensitivity observed; and (iii) the effect of introducing

opant cations on the different properties. This integrative perspec-
ive identifies the descriptors and maps them to direct observables
ccessible from experiments.
d-base (black), redox (blue), combined acid-base redox (brown), and condensation
 of the references to colour in this figure legend, the reader is referred to the web

2. Descriptors for ceria

2.1. Previous descriptor-based oxidative chemistry

Structure-performance relationships are crucial to rationalize
catalytic phenomena [74–76]. Typically, if the rate, selectivity, or
stability correlate with a single parameter or a group of parame-
ters these are taken as descriptors, as they can express the activity
summarizing all the information for a class of materials. Energy
descriptors have been extensively used since the work of Sabatier
[77], and are nowadays accepted as the most robust theoretical
tools in high-throughput computational screening of materials.
Reactions become more complex on oxides, and thus the assess-
ment of their catalytic performance requires complex descriptors.
In particular, to describe the activity and selectivity of oxides, espe-
cially in oxidation processes, seven pillars were postulated in the
pioneering work by Grasselli [78]: host structure, redox, metal-
oxygen bond, lattice oxygen, phase cooperation, multifunctionality
of active sites, and site isolation, as illustrated in Fig. 2. These pil-
lars, despite providing clear conceptual guidelines, are described in
a qualitative manner and can hardly be mapped directly to partic-
ular fingerprints in experiments. Thus, this list may  be considered
as a set of general principles, rather than quantitative parameters
that can be adjusted to reach the desired reactivity. Furthermore,
some pillars are not orthogonal and hence they cannot be individ-
ually tailored, hindering the direct interpretation of the described
chemical process.

The oxygen vacancy formation energy has been commonly
taken as the primary, and sometimes single, descriptor for reactiv-
ity in computational approaches, restricting the pillars into a single
property. However, not all reaction schemes involving vacancy
formation can be described with this magnitude, especially for reac-
tion environments where the surface structure differs significantly

from the pristine surface [31]. Moreover, hydrogenation reactions
do not entail vacancy formation, presenting a complementary set
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ig. 2. Schematic illustration of Grasselli’s seven pillars, based on Ref. [78]. Notice
hat although the pillars seem parallel, the descriptors overlap to some degree.

f governing factors and complex steps that couple acid-base and
edox properties.

Although the correspondence between the pillars and exper-
mental or computational descriptors is not one-to-one, the
oncepts described in the oxidation chemistry by Grasselli are fully
xpanded in Table 1. In addition, one must keep in mind that the
tate of the surface under reaction conditions is usually very partic-
lar in terms of stoichiometry, configuration, electronic structure,
tc. Descriptors have been traditionally proposed to describe the
ristine surface, instead of the catalyst state under working condi-
ions, and thus they might be irrelevant to the activity if they are
ot self-consistently analyzed.

.2. Chemical descriptors: mapping experiments and theory

In the following paragraphs we present an alternative
escriptor-based formulation, which can be translated into the
illars. The suggested descriptors are quantified contributions
etrievable often from both calculations and experiments, which
an be typically classified as electronic or geometric. However,
he sparse characterization derived from experiments, especially
elated to probe molecules (formation of undesired species, dis-
ociation, adsorption in multiple sites, etc.), advocates the use of
rst-principles calculated descriptors, given their easier control of
he single desired property.

The electronic descriptors include:
The charges associated to the surface atoms (qO, qCe). Oxides

resent charge separation so that the first interaction between
 molecule and the surface is the electric field generated by the
oint charge distribution. We  have computationally obtained them
rom a Bader analysis [79]. However, charges are not observables
nd hence they cannot be retrieved from experiments. The spin-
olarized density, on the other hand, is an observable that can be
easured by electron paramagnetic resonance (EPR) spectroscopy,

nd sometimes might correlate with the charges.
The basicity of the surface anions (O2p), which has two  main

ontributions: the total charge (as defined above) and the levels
lignment with respect to the adsorbate, or, alternatively, to the
ermi level, which would correspond to how available (polarizable)
re the oxygen lone pairs to share their density. These definitions
nclude both Brønsted and Lewis basicity. The basicity term can
e traced back from temperature programmed desorption (TPD)
eaks of probe compounds or from shifts in their vibrational spec-
ra. Equations that link the TPD peaks to adsorption energies can be
sed with this purpose [80]. Computationally it is obtained by their

dsorption energy or, alternatively, as the center weighted average
n the projected density of states (PDOS) of the surface oxygen 2p
and. The Lewis acidity of the cation centers (ECO) can be deter-
ined in a similar manner, using CO or NH3 as probe molecules
 B: Environmental 197 (2016) 299–312 301

[81]. Yet, another point regards the presence of hydroxyl groups on
the surface, which correspond to Brønsted acid sites. Experimen-
tally, the degree of control of the surface hydroxyl groups is a crucial
parameter that depends on the sample preparation and activation.
However, this is typically not considered in theoretical simulations,
as the clean surface is taken as the common initial structure.

The redox term (Ered), which for the particular case of ceria is
based on the ability of the cations to accept one electron [82]. This
term is related to the OSC and can be obtained from experiments,
but it should not be considered as a standalone Ered contribution.
The Ered term is computationally obtained by adding one extra elec-
tron to the unit cell, ensuring the proper localization [83]. Notice
that this is equivalent to the reduction potentials associated to the
half-reaction of the total redox process. It is worth noting that
whenever aliovalent dopants are present, hole or particle states
appear. This may  drastically change the Ered contribution, especially
for hole states generated within the band gap. The hole/particle
states can be identified by their charge, electron density, and the
corresponding energy.

The geometric terms related to the host structure contain:
The distances between surface atoms (di,j, where i and j are

atoms in the lattice). Distances are related to the bulk structure
and, for the most common terminations, surface effects do not alter
them significantly. Dopants might induce uneven and sharp expan-
sions/contractions, the higher the difference is in the radii of the
parent and dopant atoms, the larger this volume change.

The local coordination of surface anions and cations (NO, NCe).
This term can be retrieved from experiments by scanning tunnel-
ing microscopy (STM) or extended X-ray absorption fine structure
(EXAFS). Structure sensitivity is typically a direct consequence of
the changes in the distances or the coordination patterns. Notice
that, in some cases such as polar surfaces (e.g. the (100) facet of
ceria), the fraction of intrinsic vacancies, x�, due to surface recon-
struction will have a major impact on the local coordination.

The previous two properties and the symmetry patterns can be
combined into the term ensemble, this is the geometry of the active
site. On oxides, these effects are typically linked to multifunctional
positions, where both contributions from the anion and the cation
exist and are linked to their relative topology.

Two  final aspects discussed by Grasselli are phase cooperation
and site isolation. The former term was  said to appear when the
key catalytic functions cannot be incorporated into one single cat-
alytic phase, and thus two  or more phases are required in close
proximity. The appearance of different phases upon reaction is
typically reported by X-ray diffraction (XRD). In some cases, the
tridimensional structure does not change but the material takes
some of the reactants up, converting a pure oxide phase for instance
into an oxyhalide, as seen for the oxidation of hydrogen halides
by operando prompt gamma-ray activation analysis (PGAA). In a
broader sense, reaction fronts on metals might be seen as phase
cooperation, where under some conditions the reaction takes place
in areas where two different compounds or surface states are in
close proximity [84,85]. This has been found to a certain extent
in theoretical simulations, where the areas of maximum activity
are linked to positions where the two reactants are more likely to
be mixed [86,87]. An alternative phase cooperation can be found
for ceria supported metal catalysts, where bifunctional mechanism
with one part of the reaction network taking place on the metal
and another set of reactions occurring in the oxide would also
belong to this category. Site isolation contributions are typically
crucial to assess selectivity as they govern the activity of the sites.
It can be experimentally inferred by either analyzing side products

in catalytic tests or performing adsorption tests of molecules that
simultaneously probe two  centers. Computationally, it can usually
be described as a combination of the coordination number and the
surface distances mentioned above. The descriptors corresponding
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Table  1
Experimental and theoretical mapping of the seven pillars suggested by Grasselli [78]. The abbreviations used can be found in the text.

Pillar Property Experimental technique Computational descriptor

Host structure Tridimensional structure XRD, neutron scattering Distances, topology
Local coordination EXAFS, STM Local coordination

M  O bond Energy Raman Cohesive energy
Vacancy formation energy

Geometric EXAFS Geometry
Redox  TPR, XPS, UPS, EPR

cyclic voltammetry
Ionization potential
Electron affinity

Lattice  oxygen Vacancy formation OSC Vacancy formation energy
Diffusion OSC Ea diffusion
Basicity TPD (CO2) + IR O2p, ECO2

M-related Acidity TPD (CO, NH3) ECO

Site isolation Selectivity assessment by
catalytic testinga

Lateral interactions

Multifunctionality of active sites TPD of multifunctionalized
molecules, FTIR of probe
molecules

Adsorption energy for different
configurations sampling sites
Acid-base/geometry descriptor
combinations

Phase  cooperation Different phases XRD Equilibrium diagrams
Uptake PGAA Resting state first principles

sessm

t
u

b
o
f
e
a
h
t
l
T
E

e
r
i
t
u
o
T
u
o
s
p
t
g
D
[
m
e

t
t
u
l
a
t
p
u
f
a
t

a Site isolation at the catalytic surfaces might be proposed based on selectivity as

o phase cooperation and site isolation will be only briefly touched
pon in the present work.

Additionally, the oxygen vacancy formation energy (E�) has
een usually considered as the simplest descriptor for the activity
f ceria-based catalysts, as previously stated. We  have there-
ore included it in our approach. Vacancy formation leaves two
lectrons in the hole left by oxygen removal, which must be
ccommodated by the surface [88]. In ceria, the electrons are
osted by the reducible cations, which tend to be localized in
he next-nearest neighbors to the vacancy [89]. This induces
attice distortions due to the larger radius of the Ce3+ cations.
he vacancy formation energy is obtained from calculations as
� = E(CeO2 - x) + 1/2E(O2) − E(CeO2).

An alternative descriptor related to oxygen vacancies is the
xperimental oxygen storage capacity (OSC). This magnitude is
elated to the formation of oxygen vacancies and their diffusion
n the material toward/from the surface. The OSC is measured as
he weight loss of the sample due to oxygen removal, commonly
sing CO or H2, and it depends on the history of the sample (i.e.
n how the sample was prepared and its subsequent treatments).
herefore, the sample can be tailored to reach desired OSC val-
es. However, the experimental measurements strongly depend
n the protocols applied, and thus reproducibility requires very
trict degree of control and a strict standardization in order to com-
are data among laboratories. The computational assessment of
he OSC is much more complex. In principle, an extensive investi-
ation for the equilibrium oxygen loss could be done by coupling
FT to the environment through first-principles thermodynamics

90]. However, the intrinsic approximations included in the latter
ethodology prevent from obtaining quantitative correct values

ven for the equilibrium oxygen vacancies [91].
Finally, it is worth noting that the state of the surface, in par-

icular under reaction conditions, could affect both the pillars and
he descriptors. The analysis presented here is devoted to the eval-
ation of the clean or slightly modified surface, i.e. not allowing

arge coverage effects or significant surface reconstructions. Cover-
ge effects, however, might influence the values of the descriptors
o a large extent. Nevertheless, our aim in this work is to present the
roof of concept of the methodology, and this is easier to carry out

nder clean surface conditions. Coverage-dependent descriptors,
or the most common coverage situations, could be introduced in

 simple yet efficient manner to study the role of coadsorbates on
he reactivity. Furthermore, the only surface defects considered in
thermodynamics

ent in partial hydrogenation and oxidation reactions.

this study are point defects, namely oxygen vacancies and dopant
cations. Other defects such as steps or low-coordinated centers
(e.g. edges or corners) are not considered, given the relatively large
nanoparticles on which the following reactions are typically per-
formed. Low-coordinated sites can however be treated in the same
methodology described here.

Descriptors are related to the characteristics of the particular
reaction networks. Therefore, a detailed knowledge of the elemen-
tary steps provides an easier identification. In the following, we
have employed reaction networks reported in the literature, excep-
tion made for the DMC  synthesis case, where a potential reaction
network is proposed. The main reaction pathways in complex reac-
tion networks depend on the reaction conditions, which affect the
relative stability of the difference phases present and in some cases
the dynamics of these phases. From a theoretical point of view,
these phases need to be evaluated separately and if they cooper-
ate then the model shall include the boundary. In the cases studied
herein, ceria maintains its properties unless indicated.

2.3. Descriptors for cerium oxide reactivity

Most of the reactions discussed in this work are performed over
ceria nanoparticles, Fig. 3, although some examples over extended
films are also examined. The (1 1 1) termination is the most sta-
ble ceria surface, and it is the exposed facet of well-defined ceria
nanoctahedra. In addition to this nanoshape, ceria nanorods and
nanocubes are also routinely synthesized [3–5]. The former mainly
expose (1 1 0) facets, with (1 0 0) and (1 1 1) to a lesser extent,
whereas the latter present (1 0 0) termination planes. The (1 0 0)
surface is polar and thus requires polarity compensation recon-
struction that may  lead to Ce- or O-terminations [93]. Commonly
the latter termination is considered as the most stable (1 0 0) recon-
struction and thus it is the one assumed in this study [94–98].
Although the environment might particularly affect polar surfaces,
where adsorbates can promote certain reconstructions [99,100],
our approach is limited to the pristine oxygen terminated recon-
struction. It is worth noting that the different exposed facets are of
particular importance given the structure sensitivity observed for
many processes [2].
The descriptors listed in the previous section are collected in
Table 2, for the (1 1 1), (1 1 0), and (1 0 0) ceria surfaces. The most
direct descriptor is the local coordination of the topmost cerium
and oxygen atoms. The (1 1 1) surface presents higher coordination
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ig. 3. Structure and composition of ceria nanoctahedra (left), nanorods (middle), a
odes:  O (red) and Ce (yellow). (For interpretation of the references to colour in thi

or both atoms, NCe = 7 and NO = 3, whereas the former decreases
o 6 in both (1 1 0) and (1 0 0), and NO lowers to 2 in the (1 0 0), but
emains 3 in the (1 1 0). A straight consequence of NO is the Ce-

 distance (dCe,O), which experiences a minor difference between
he (1 1 1) and the (1 1 0) surfaces but decreases significantly on the
1 0 0) facet. The dO,O, on the other hand, is equivalent in the (1 1 1)
nd (1 0 0) surfaces, but two shorter distances exist in the (1 1 0) as a
esult of the morphology of this termination plane (Fig. 3). Although
he charges of surface Ce and O do not change significantly, the
ther electronic descriptors show more drastic differences among
he surfaces. The basicity term is much higher and nearly identical
or the (1 1 1) and (1 0 0), and lower for the (1 1 0) surface. How-
ver, the acidity of the cerium atoms increases following the order
1 0 0) > (1 1 0) > (1 1 1), inverse to their stability order. The Ered term
s endothermic in all cases, being 0.65 and 1.65 eV for the (1 1 1) and
1 1 0), respectively, and almost zero for the (1 0 0). This parameter
s completely connected to how the surface can accommodate the
igger Ce3+ cations. The low NCe and NO coordinations in (1 0 0)

avor the required rearrangement to incorporate the Ce3+. How-
ver, in the (1 1 0) surface, since each Ce4+ is surrounded by four O in
he surface plane (Fig. 3), the accommodation of the bigger reduced
nocubes (right). The micrograph of ceria nanoctahedra is adapted from [92]. Color
e legend, the reader is referred to the web version of this article.)

atom is less favored. Finally, the endothermic vacancy formation
energy is higher for the (1 1 1), followed by the (1 0 0) and the (1 1 0)
surfaces. The latter termination further stabilizes the vacancy for-
mation by bridging an oxygen atom between two  cerium cations
as a split vacancy [101,102]. It is worth noting that on the (1 1 1)
surface, the lowest vacancy formation energy corresponds to the
subsurface vacancy [15], whereas this is not the case for the other
two low-index surfaces. Notice also that since the (1 0 0) is a polar
surface, reconstruction is required to compensate the polarity and
render it stable [93,103]. Such reconstruction leaves a fraction of
0.5 of intrinsic oxygen vacancies, x� [104]. This fact also enables
the surface to adsorb oxygen atoms on these vacancy sites, which
is an endothermic process but still more favorable than vacancy
formation.

Similar to Table 2, Table 3 contains the descriptor values for
Ga-, Zr-, and V-doped ceria(1 1 1). Ga- and V-CeO2(1 1 1) are exam-
ples of aliovalent dopants (n- and p-type, respectively), whereas
Zr-CeO2(1 1 1) is an example of isovalent doping, Fig. 4. The addition

of dopant cations induces symmetry breaking, which drastically
influences some specific descriptor values. On the one hand, cerium
and oxygen charges, local coordinations, and surface acidity remain
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Table  2
General descriptors for the lowest surface energy facets of CeO2. The charges are in |e−|, distances in Å, and energies in eV (negative values correspond to exothermic
processes).

(1 1 1) (1 1 0) (1 0 0)

Calc. Exp. Calc. Exp. Calc. Exp.

NCe first neighbors 7 – 6 – 6 –
NO first neighbors 3 – 3 – 2 –
dCe,O metal-oxygen distances 2.375 – 2.342 – 2.206 –
dO,O oxygen-oxygen

distances
3.886 – 2.604 – 3.887 –

2.898
3.887

qCe ion charge 2.37 – 2.31 – 2.33 –
qO ion charge −1.19 – −1.16 – −1.12 –
O2p oxygen basicity −0.95 0.1a −1.45 0.9a −0.93 0.3a

ECO CO adsorption −0.19 wb −0.24 wb −0.34 wb

Ered surface reduction 0.65 – 1.16 – 0.03 –
E� vacancy formation 1.85 – 1.17 – 1.57 –

energy surface (0.99)c

E� , ss vacancy formation 1.68 – 2.22 – 3.21 –
energy subsurface

OSC oxygen storage
capacity

– 318d – 554d – 353d

0.4e 6.3e 6.8e

x� intrinsic defective fraction 0 – 0 – 0.5 –
�spin spin density 0 – 0 – 0 –

a CO2 adsorption rate (in CO2 nm−2), from [71].
b w = weak, from [71].
c In parentheses: energy requirement upon the addition of an oxygen atom to the stoichiometric surface.
d In �moles O g−1, from [109].
e In �moles O m−2, from [110].
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ig. 4. Electron localization of holes or particles in Ga-, Zr-, and V-doped ceria(1 1 

he  hole in the valence band and the particle in the band gap close to the conductio

lmost unaltered. On the other hand, doping has severe impact
n interatomic distances, oxygen basicity, redox, and vacancy for-
ation energy. The average dCe,O and dO,O distances are largely

naffected, but the values close the dopant site can vary for dCe,O
a. 0.1, 0.05, and 0.3 Å for Ga-, Zr-, and V-ceria, respectively, and ca.
.5, 0.4, and 1.1 Å, respectively, for dO,O. The basicity term decreases
or the three doped surfaces compared to the pristine CeO2(1 1 1),
trongly on the p-doped surface. The addition of n- or p-type
opants triggers a singular change on the electronic structure of the
emiconductor material, creating a hole or a particle state, respec-
ively. This has major consequences on Ered and E� terms. Although
or Zr-CeO2(1 1 1) both descriptors decrease in a notable manner,
or Ga- and V-CeO2(1 1 1) this decrease is much larger, and Ered is
ven highly exothermic for the n-doped surface. Interestingly, sub-
urface vacancy formation is still favorable for the isovalent doping,
ut turns unfavorable for Ga- and V-doping.

The descriptors listed in Tables 2 and 3 will serve as the frame-

ork to describe the most common reactions performed on ceria.

he computational set up for the calculations is summarized in the
upplementary Material, while the details on the experiments can
 small insets illustrate the resulting band structure for each doped surface, where
d are qualitatively shown for the Ga- and V-CeO2 materials, respectively.

be found on the particular references. Nevertheless, this list enables
us to start providing a quantitative description of the most recur-
rent term related to the reactivity on ceria, the vacancy formation
energy, based on the systems previously detailed, which include the
three pristine and the three doped surfaces. The vacancy formation
energy is found to be a combined balanced function of the basicity of
the surface oxygens and the redox ability of the surface, O2p and Ered
(Fig. 5). Therefore, E� depends simultaneously on the stability of the
surface oxygen and on how well the surface can accommodate the
electrons left by the oxygen removal. Both descriptors are individ-
ually unable to correlate E�, however their combination results in
a collective descriptor that provides a notable description of the
vacancy formation energy. In particular, the relative weigh of each
variable in the collective descriptor is 0.58 for Ered and 0.42 for O2p,
once balanced by the span of each variable (Ered and O2p span 2.12
and 0.52 eV, respectively, see Tables 2 and 3).

Collective descriptors are sometimes crucial to describe certain

complex steps or adsorptions [105–108]. These descriptors are not
observables and do not have an additional physical meaning other
than the proper balance of the individual contributions. It is also



M. Capdevila-Cortada et al. / Applied Catalysis B: Environmental 197 (2016) 299–312 305

Table  3
General descriptors for p-, isovalently-, and n- doped CeO2(1 1 1) surfaces, following
the  nomenclature given in Table 2. The charges are in |e−|, distances in Å, and ener-
gies in eV (negative values correspond to exothermic processes). Distance values
refer to minimum, average, and maximum distance, respectively.

Ga-CeO2(111) Zr-CeO2(111) V-CeO2(111)

NCe 7 7 7
NM 4 4 4
NO 3a 3 3a

dCe,O 2.277/2.379/2.519 2.344/2.399/2.455 2.145/2.417/2.840
dM,O 1.940 2.135 1.715
dO,O 3.345/3.892/4.434 3.469/3.883/4.106 2.890/3.911/4.489
qCe 2.38 2.39 2.34
qM 1.62 2.51 1.89
qO −1.14 −1.20 −1.13
O2p −1.14 −1.04 −1.26
ECO on Ce −0.22 −0.22 −0.21
ECO on M −0.04 −0.12 −0.05
Ered −0.96 0.40 0.01
E� 0.20 1.42 0.60
E� , ss 0.29 1.30 0.97
x� 0 0 0
�spin 1.0 (O•) 0 1.0 (Ce3+)

a One of the surface oxygens adjacent to the dopant site has coordination 2.

Fig. 5. Dependence of the vacancy formation energy, E� , on a collective variable
i
G
E

w
i

3

3

o
s
o
t
c

O

O

C

Table 4
Adsorption energies (in eV) of O2, CO, CO2, C2H2, and C2H4 on the clean and defective
(1 1 1), (1 1 0), and (1 0 0) CeO2 surfaces.

(111) (110) (100)

clean defective clean defective clean defective

O2 −0.02 −1.86 −0.03 −1.03 −0.08 −2.22
CO  −0.20 −0.19 −0.24−3.61a −0.15 −0.34−4.34a −0.32−1.58
CO2 −0.47a −0.99a −1.33a −0.93a −1.98a −2.65a

C2H2 −0.08 – −0.23 – −0.27 –
−0.30b −2.43c −4.05c

C2H4 −0.07 – −0.22 – −0.14 –
0.28b −0.47c −2.76c
ncluding the O2p and Ered terms, for the pristine (1 1 1), (1 1 0), (1 0 0), and doped
a-, Zr-, V-(1 1 1) ceria surfaces. The fitted equation is f(O2p, Ered) = (2.33 O2p + 0.78
red + 3.60) eV.

orth noting that the coefficients of each variable may  be expressed
n the right units to correctly describe the correlated magnitude.

. Catalytic applications of ceria

.1. CO oxidation and water-gas shift reaction

The simplest reaction that has been studied over CeO2 is CO
xidation [69,111]. Notice that ceria is also a suitable material for
oot oxidation, which shares some of the characteristics of the CO
xidation scheme [110]. This reaction can be described based on
he following list of elementary steps, where * stands for the Lewis
enter and � represents the defect site:

2 + � → O2� (1)
2� + � → 2O� (2)

O + ∗ → CO∗ (3)
a Chemisorbed via carbonate formation.
b Chemisorbed via O-[R]• radical formation.
c Chemisorbed via O-[R]-O formation.

CO ∗ + O2� → CO2∗ + O (4)

CO ∗ + O� → CO2� (5)

CO2∗ → CO2 + ∗ (6)

CO2� → CO2 + � (7)

Two  types of active sites are required. In fact, CO adsorption
takes place on the Lewis acid centers of the ceria surface, the Ce4+

sites. In parallel, O2 does not adsorb on the clean surface (Table 4),
since the electron transfer to O2 is not favored but only on very par-
ticular sites of the surface, i.e. oxygen vacancies, line defects such
as steps, and open surfaces like CeO2(100), which are intrinsically
defective.

Vacancies are thus required to perform CO oxidation. Therefore,
the vacancy formation energy (E�) and the number of potential
adsorption sites (fraction of vacancies, x�) are the most impor-
tant activity descriptors. Thus, analogously, CO oxidation activity
will depend on the Ered and O2p terms, as outlined in Fig. 5. Based
on this interpretation, the CO oxidation rate is face sensitive over
ceria. Considering that the vacancy formation energy varies in the
order 1 1 0 > 1 0 0> 1 1 1, the oxidation rate is expected to follow
the trend r110 > r100 > r111. This theoretical activity trend is in line
with the experimental findings [69,111,112], where it has been
shown that ceria nanocubes are more active in CO oxidation com-
pared to ceria nanoctahedra, Fig. 6a. It is worth noting that the
large number of basic surface sites on CeO2 can react with CO
and CO2 molecules, forming carbonates that behave as spectators
on the surface [69,113,114]. The presence of unidentate, biden-
tate, and bridged carbonates has been demonstrated by infrared
spectroscopy [69,115].

Ceria nanoctahedra and nanocubes exhibit a different behavior
upon aging [112]. Whereas the nanocubesb do not decrease their
CO oxidation performance, the aged octahedra are nearly inactive,
Fig. 6a. As shown in Table 4, O2 only adsorbs on the defective sites
of ceria. Therefore, once CO reacts with the adsorbed O2 filling the
vacancy, Eq. (4), the reaction can only proceed via (5), which is
highly disfavored, especially on the (1 1 1) facet. Step (5) is thus
described by the E� term. On the other hand, carbonate formation
upon CO adsorption takes place on the (1 1 0) and (1 0 0) surfaces,
and releases two Ce3+. O2 adsorbs on the Ce3+ centers [116–118]
that now are extensively available, so the reaction can proceed as
in (4). This is however not possible on the (1 1 1) surface, since
carbonate formation is energetically disfavored on this facet.

Accordingly, doped ceria may  enhance CO oxidation by decreas-
ing the vacancy formation energy. Zr-doped cerium oxide increases
the OSC, Fig. 6b, leading to an increased CO conversion [119]. This

is further improved by the use of trivalent dopants, where E� is
significantly diminished [120].

Finally, various metal nanoparticles supported on ceria exhibit
high CO oxidation activity, namely Au, Cu, Pt, or Pd [26,121–129].
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ig. 6. (a) CO oxidation as a function of the temperature over ceria nanocubes (N
torage  capacity in mixed CeZrO2 oxides. (c) Performance of an Au/CeO2 catalyst as
gures  are adapted from [112], [132], and [133], respectively.

ig. 6c shows how CO conversion is enhanced on Au/CeO2 com-
ared to pristine CeO2. Oxides with metal supported clusters are

 paramount example of phase cooperation, where the oxide and
etal phases can promote different steps of the mechanism [27].

ome steps are thermodynamically favored via oxygen spillover
rom ceria to the metal [130]. Plenty of studies have been conducted
n metal/ceria catalysts, but our analysis focuses on standalone
eria, and hence, these are beyond the scope of this work.

It is worth pointing out that CO oxidation shares some ele-
entary steps with the water-gas shift (WGS) reaction [26,27].

he overall WGS  reaction is H2O + CO → H2 + CO2, where the oxi-
ation of CO to CO2 can occur as the direct process explained above
CO + O�), or through the COOH intermediate species, Fig. 1. CO
onversion during WGS  was shown to be much higher for ceria
anocubes compared to rod and octahedron nanoparticles [28], as
lso shown above for the CO oxidation reaction. This comes either
rom an easier removal of the lattice oxygen by CO, or from an
mproved water activation due to the larger fraction of vacancies
n the surface. Water can get activated at acid-base pair centers,
uch as Ce-O or �-O, and thus acidity and basicity control this step
131].

.2. Halogen production via hydrogen halide oxidation

A process for which ceria is close to industrial application is
he recycling of chlorine by the gas-phase HCl oxidation [134,135].
hlorine is employed to functionalize organic molecules and typ-

cally one atom gets included in the organic moiety. Furthermore,
hlorine-containing compounds can be potentially hazardous and
hus in many final products they need to be removed, usually in the
orm of HCl. The oxidation of HCl to Cl2 is an exothermic process car-
ied out via a heterogeneous catalyst, typically RuO2 [29,136–138].
owever, RuO2 is known to experience some stability issues at high

emperatures [139]. On the other hand, CeO2 possesses lower activ-
ty in the medium temperature regime, but its stability makes it a
uitable candidate for the process in the reactor areas, where the
emperature is known to rise [10]. The reaction network on CeO2,
ig. 7a, was proposed to consist of the following steps:

Cl + O� + � → Cl� + O�H (8)

Cl + O� + ∗ → Cl ∗ + O�H (9)
l� + Cl∗  → Cl2∗ + � (10)

l2∗ → Cl2 + ∗ (11)

�H + O�H → H2O� + O� (12)
 nanoctahedra (NO) fresh and aged. (b) CO oxidation as a function of the oxygen
ction of temperature. The model structure of the catalyst is shown in the inset. The

H2O� → H2O + � (13)

O2 + � → O2� (14)

O2� + � → 2O� (15)

HCl adsorbs dissociatively on ceria, where the halide fills a
vacancy site leaving the system with a defect state as a Ce3+ atom.
Further HCl adsorption then proceeds as Cl− adsorbed on the sur-
face. The first step relates to the acid-base and redox properties
of the surface, whereas the latter only involves acid-base proper-
ties. Two  Cl atoms from the surface and lattice positions can evolve
toward the gas-phase, and the vacancy can be replenished by O2.
Therefore, the latter halide evolution and oxygen vacancy heal-
ing steps mainly involve redox properties, and also depend on the
mobility of the vacancies in the material. Chlorine evolution is the
most energy-demanding step, and thus the ability of the surface to
rapidly cycle between Ce4+ and Ce3+ controls the activity. There-
fore, the activity of ceria for HCl oxidation was shown to correlate
with the experimental OSC measurements, Fig. 7b, performed on
different CeO2 samples.

Although the OSC character was shown to be the main activ-
ity descriptor, by the iso and aliovalent doping of ceria we found
that the complexity of the reaction cannot be fully unveiled by
this single parameter. While the activity increased for the isova-
lently doped ceria, trivalent dopant cations induced the opposite
effect [31], which however have a positive impact on the OSC.
The main responsible for this unintuitive behavior is that the
redox character is better maintained through the isovalent dop-
ing, since trivalent cations generate O• centers that are healed
upon Cl adsorption, which ultimately annihilate the redox ability
of the surface. The formation of these defect pairs can be char-
acterized by the chlorine replacement energy, Erep, of the lattice
CeO2 + 1/2Cl2 → CeO2-xCl + 1/2O2. For the pristine (1 1 1) surface,
this Erep is −0.40 eV, while it reaches −1.77 eV for the Ga-doped
material. This means that the further step displacing the substi-
tuting chlorine (10) is a much higher energy-demanding step for
the latter doped material compared to the native surface. A simi-
lar conclusion was  recently reached by Over and coworkers [33].
Remarkably, it is worth noting that the Zr-doped CeO2 catalyst is
not only more active than the pristine material, but also presents
significantly high stability, Fig. 7c inset.

The chemistry found for HCl can be extended to heavier ele-
ments in the series, such as the recycling of HBr into Br2 [32,141].

HBr oxidation always takes place at lower temperatures than HCl
for all the studied materials, and the reaction is also more exother-
mic. The bigger radius of bromine compared to chlorine induces
a decrease in the energy required to replace oxygen by the halide,
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Fig. 7. (a) Mechanism of HCl oxidation over a CeO2(1 1 1) surface. (b) Space-time yield as a function of the oxygen storage capacity of CeO2. The temperatures indicate the
temperature at which the oxide was calcined in static air, in order to alter the surface vacancy chemistry. (c) HCl conversion as a function of the temperature over CeO2/ZrO2

catalyst. The inset represents the stability of the catalyst for 800 h on stream. (d) Experimental light-off temperatures (at the rate of X2 production, r = 3 mol  X2 mol  Ce−1 h−1)
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s  a function of the two-variable descriptor involving Ered and Erep, for Cl (filled dots)
rep) = (−522 Ered + 777 Erep − 1) K. The figures (b) and (c) are adapted from [140] an
eferred  to the web  version of this article.)

rep, from −0.40 to −0.04 eV. These values turn more exothermic for
he Zr-doped surface, −0.72 and −0.39 eV for Cl and Br, respectively.
he lower stability of the Br-substituted surfaces makes HBr more
ctive for the overall reaction. However, the redox character of the
urface also plays a role, since the formation of X2 (where X is Cl or
r) is a redox step (10). This is illustrated in Fig. 7d, where the light-
ff temperatures [32], at the X2 production rate r = 3 mol  X2 mol
e−1 h−1, are shown to be a function of the two-variable descrip-
or embracing Erep and Ered. Thus, both oxygen-halide replacement
nergy and surface redox ability need to be controlled to predict
he light-off temperatures, for a given production rate.

.3. Hydrogen activation and alkyne semi-hydrogenation

Excellent catalytic features of ceria have been also reported for
ydrogenation reactions under hydrogen-rich conditions [35]. The
ey elementary step to understand this behavior is the activation of
ydrogen, which is related to the presence of Ce-O short distances
nd charge separation [142–145]. Thus, H2 is polarized and dis-
ociates heterolytically on CeO2 generating acid-base pairs on the
urface (17) [146]. Alternatively, the homolytic dissociation over
wo surface oxygens is also possible (19), although it exhibits a

lightly higher energy barrier [142]. The mechanisms are described
s follows:

2 + ∗ → H2∗ (16)
r (circles) on pristine (black) and Zr-doped (blue) ceria. The fitted equation is f(Ered,
]. (For interpretation of the references to colour in this figure legend, the reader is

H2∗ + O� → O�H + H∗ (17)

H ∗ + O� → O�H + ∗ (18)

H2∗ + 2O� → 2O�H (19)

The heterolytic mechanism results in a proton and a hydride
attached to the basic and acid sites on the surface, indicating that
acid (ECO) and basic (O2p) terms become relevant. The charge of the
centers and their geometric distribution are crucial to understand
the chemistry behind [142]. The reaction then proceeds, since the
hydride can further move toward the equilibrium hydroxyl state
(18), reducing two Ce surface centers. The latter step is associ-
ated to the reducibility of the surface, Ered. The final surface state is
thus achieved via both the heterolytic and homolytic mechanisms.
Therefore, the temperature of maximum H2 consumption from the
H2-TPR on the three pristine surface facets and the Ga-doped (1 1 1)
correlates with the two-variable descriptor that includes the O2p
and Ered terms, Fig. 8a.

Hydrogen activation has been shown to be a key step in hydro-
genation reactions [147]. Then, the hydrogenation mechanism has
been reported to occur through two  different pathways consisting
of Eqs. (21)–(23):
C2H2 + ∗ → C2H2∗ (20)

C2H2∗ + H2∗ → C2H4∗ + ∗ (21)

C2H2∗ + O�H → C2H3∗ + O� (22)
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Fig. 8. (a) Temperature of maximum H2 consumption during H2-TPR as a function of the two-variable descriptor that includes the O2p and Ered terms, for the (1 1 1), (1 1 0),
(1  0 0), and Ga0.2Ce0.8O2- and Ga0.05Ce0.95O2-(1 1 1) surfaces. The fitted equation is f(O2p, Ered) = (426 O2p + 255 Ered + 1001) K. The H2 consumption TPR for nanoctahedra,
nanorods, and nanocubes are shown in the inset. (b) Acetylene hydrogenation performance as a function of temperature over CeO2. (c) Rate of acetylene hydrogenation
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s  a function of the oxygen storage capacity over ceria nanoctahedra and nanocub
ydrogenation. The figure, in particular, depicts that Ga-doping enables a reduction
36], respectively.

2H3∗ + O�H → C2H4∗ + O� (23)

2H4∗ → C2H4 + ∗ (24)

The presence of large amounts of hydrogen in the environ-
ent leads to a majorly hydroxylated surface termination [147].

he reactivity is controlled by the availability of sites on the sub-
trate and the fact that H2 activation is difficult. For the (1 1 1)
urface, it was found that a concerted six-membered ring transition
tate in (21) comprising the alkyne C C bond, the lattice OH, and
he hydrogen molecule could be responsible for both the exper-
mentally observed activity and selectivity [147]. An alternative

echanism was also proposed [148], where the alkyne adsorbs
n the surface forming a radical species. This intermediate can
trip the first hydrogen from the surface with a very low energy
arrier (22), although the second H transfer (23) exhibits a large
ctivation energy (>2.5 eV). Still some controversy on the nature
f the reaction path exists, albeit recent NMR  experiments seem
o support the former mechanism [149]. Furthermore, if the reac-
ion follows the concerted path, a stereoselectivity to the cis-alkene
s expected over CeO2. This is confirmed experimentally, showing

ull cis-alkene selectivity in the ceria-catalyzed hydrogenation of a
ariety of functionalized and internal acetylenic compounds [35].

The capability of the Ce-O pair to generate a large enough electric
eld that polarizes the incoming H2 molecule is the most important
) Influence of temperature on the activity of CeO2 and Ga0.05Ce0.95O2 in acetylene
e operating temperature. Figures (b), (c), and (d) are adapted from [34], [112],  and

point in the reactivity of the material in hydrogenations. This can be
also traced back to the basicity of the surface and the redox term,
together with the geometric ensemble that makes the transition
state for hydrogen activation possible. This is likely to be extrapo-
lated to the hydrogenation activity found for other oxides, such as
ZrO2 or La2O3 [150–152].

Face sensitivity of the reaction rate was also found in hydro-
genation, where (1 1 1) facets exhibit higher performance than the
(1 0 0) exposing nanocubes [112]. The dependence was thus the
opposite than that found for CO oxidation, Fig. 8c. Our descrip-
tion can explain this observation based on surface poisoning on
the (1 0 0), Table 4. Strong adsorption is facilitated by basic centers
on the surface and their adaptability to the coordination. On the
(1 1 1) surface, alkynes adsorb on one basic center forming a radi-
cal intermediate with Eads = −0.30 eV [148], whereas on the other
surfaces the local structure allows coordination to two basic cen-
ters. Indeed, we  have found an OCHCHO intermediate that sits on
the surface in a robust manner, with coordination energy of −4.05
and −2.41 on the (1 0 0) and (1 1 0) surfaces, respectively. This is
reminiscent to carbonate poisoning in CO oxidation, and thus the
basicity of the surface O2p and the local coordination of the oxy-

gens on the surface that allow their high mobility are the ultimate
responsible for the observed poisoning.
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Fig. 9. Formaldehyde first C H scission activation energy as a function of a col-
lective variable embracing Ered and O2p, for the pristine (1 1 1), (1 1 0), and (1 0 0)
CeO2 surfaces and the doped Ga-, V-, Zr-, Hf-, and Th-(1 1 1) surfaces. The implicit
doped (1 1 1) structures obtained from applying strain to the (1 1 1) surface are also
M. Capdevila-Cortada et al. / Applied Ca

The hydrogenation of alkynes is accelerated by the addition of
rivalent dopants [36]. This has been experimentally shown in the
as-phase hydrogenation of alkynes over Ga-doped CeO2 catalysts,
ig. 8d. It shall be noticed that for doped surfaces with trivalent
ations the reaction mechanism is electronically different. The sur-
ace provides a localized hole state, located on the oxygen center
ear the doping atom, Fig. 4. Then the contribution from cova-

ency becomes dominant and thus H2 dissociation is homolytic.
n the final state, the hole is filled with one of the electrons of the
ydrogen molecule and the remaining H• radical adsorbs on the
djacent cerium center. The ultimate consequence of this alterna-
ive mechanism is that the activation barrier for H2 dissociation is

uch lower than for the regular surface. The best descriptor for the
omolytic dissociation is then the energy of the hole on the surface,
red (which in this particular case is related to the hole instead of
he Ce4+-Ce3+ cycle) [153,154]. In particular, trivalent cations were
ound to be more active in the following order: In > Ga > Al. The
rdering closely follows the ionic radius of these dopants [36].

Other hydrogenation reactions over cerium oxide were also
eported. Hydrogenation of benzoic acid to benzaldehyde, also
nder H2 rich conditions, was performed exhibiting high activ-

ty and selectivity [151,155,156]. The reaction was  suggested to
roceed as a Mars-van-Krevelen mechanism, where the oxygen
acancy sites acted as the active sites. Hence, the (1 1 0) and (1 0 0)
urfaces are more active than the (1 1 1). Likewise, the addition of
opants that increase the E� and OSC promotes this reaction [151].
he hydrogenation of nitroaromatic compounds using N2H4 as a
educing agent was also performed on ceria nanoparticles, provid-
ng the related aniline derivative [157].

.4. Alcohol conversion

Alcohol conversion has been extensively performed on ceria
37–46], since these reactive compounds are traditionally used as
robe molecules to assess the catalytic properties of metal oxides
158,159]. Alcohols typically convert to aldehydes, following the
roposed elementary steps listed below:

CH2OH + ∗ → RCH2OH∗ (25)

CH2OH ∗ + O� → RCH2O ∗ + O�H (26)

CH2O ∗ + O� → RCHO ∗ + O�H (27)

CHO∗ → RCHO + ∗ (28)

�H + O�H → H2O� + O� (29)

2O� → H2O + � (30)

The first acid-base deprotonation step (26) precedes the redox
 H scission (27), where two cerium cations reduce to Ce3+. For the
cid-base step, the O2p term controls the reaction rate, whereas
he two-variable descriptor embracing O2p and redox is required
o describe the second step [108]. Oxygen vacancies however may
lay a role in this process, switching the selectivity to alkene for-
ation through the following elementary steps:

CH2CH2OH + � + O� → RCH2CH2O� + O�H (31)

CH2CH2O� + O� → RCHCH2O� + O�H (32)

CHCH2O� + ∗ → RCH CH2∗ + O� (33)

CH = CH2∗ → RCH CH2 + ∗ (34)

�H + O�H → H2O� + O� (35)
2O� → H2O + � (36)

Thus, in addition to the O2p and Ered terms to describe the O H
31) and C H (32) scissions, the oxygen vacancy formation energy
included (grey circles). The fitted equation is f(Ered, O2p) = (0.57 Ered − 0.83 O2p +
0.02) eV. The Hf-, Th-, and strained (1 1 1) values are adapted from [108].

determines the rate of this side reaction and thus the overall selec-
tivity.

As demonstrated experimentally, alcohol conversion is also
structure sensitive [39,40,42]. The rate of methanol and ethanol
conversion is higher on the (1 0 0) surface than on the (1 1 1) sur-
face. This is attributed to the fact that the activation energy for C H
cleavage is much lower on the (1 0 0) surface, due to its higher redox
ability. Furthermore, for the conversion of ethanol, a temperature
increase favors the formation of ethylene over acetaldehyde on the
(1 0 0) compared to the (1 1 1) facet [42]. This is due to the lower
oxygen vacancy formation energy for the former surface (Table 2).

For the particular case of methanol, the subsequent oxidation
of formaldehyde to CO was  also observed in the more open (1 0 0)
surface. The reaction consists of the following elementary steps:

HCHO ∗ + O� → CHO ∗ + O�H (37)

CHO ∗ + O� → CO ∗ + O�H (38)

CO∗ → CO + ∗ (39)

O�H + O�H → H2O� + O� (40)

H2O� → H2O + � (41)

Therefore the competition between formaldehyde desorption
and the first C H cleavage of formaldehyde triggers the selectivity
[160]. The first step of this reaction is a redox step, where formalde-
hyde is oxidized and surface is reduced. The second CH stripping,
O2p and Ered terms are crucial, analogous to the C H bond breaking
in methanol. Fig. 9 shows the correlation of the activation energy
of this elementary step with respect to the combined O2p and Ered
terms, for the three low-index surfaces and the isovalent and alio-
valent doped-(1 1 1). Both the basicity of the recipient oxygen and
the capability of the surface to accommodate the two electrons
formaldehyde oxidation are required to describe this step. For the
second H-stripping, only the O2p is required as it is an acid-base

step. In addition, to assess the selectivity, formaldehyde desorp-
tion must be also described. Formaldehyde chemisorbs on ceria as
a bidentate structure forming Ce-O and O� C bonds. Then the acid-
ity of the cerium cations, the basicity of the oxygens, and the site
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tructure control how the bidentate adsorbate accommodates on
he surface [108].

The (1 0 0) surface has higher cerium acidity, oxygen basicity,
nd larger site area than the (1 1 1) or the (1 1 0) surfaces, and thus
CHO binds stronger on this facet. Furthermore, the high inher-
nt number of vacancy sites on the (1 0 0) facet also favors the
dsorption of O-R compounds. Similarly, the higher redox ability of
he (1 0 0) surface in combination with the oxygen basicity favors

 H scission on this facet. Formaldehyde hence converts to CO on
he (1 0 0) surface, whereas it desorbs from the (1 1 1) and (1 1 0)
urfaces, as observed in the TPD experiments and the DFT energy
rofiles [39,160].

.5. Dimethyl carbonate synthesis

More sophisticated reactions to valorize CO2 [44,52,161–164]
ave been recently put forward. For example, CO2 from waste efflu-
nts can react with methanol to form dimethyl carbonate (DMC),
n important intermediate for polycarbonates and fuel additives.
eO2 catalysts have been proposed as suitable active materials for
his family of reactions. The overall reaction is as follows:

O2 + 2MeOH � CH3OCOOCH3 + H2O (42)

The equilibrium of the reaction is driven toward reactants unless
ater is removed from the medium employing a sorbent. The
roof-of-principle of the higher conversion when employing a
ehydrating agent was presented by Tomishige et al. [53,54], and
ecently a continuous process employing relatively high pressures
or the CO2 has been developed [55].

The list of elementary reactions potentially participating in the
rocess is as follows:

O2 + ∗ → CO2∗ (43)

H3OH + ∗ → CH3OH∗ (44)

H3OH ∗ + O� → CH3O ∗ + O�H (45)

O2∗ + CH3O∗ → CO2OCH3∗ + ∗ (46)

O2OCH3∗ + O�H → HOCOOCH3∗ + O� (47)

OCOOCH3∗ + CH3O∗ → CH3OCOOCH3∗ + OH∗ (48)

H ∗ + O�H → H2O ∗ + O� (49)

H3OCOOCH3∗ → CH3OCOOCH3 + ∗ (50)

2O∗ → H2O + ∗ (51)

The adsorption of CO2 depends on the basicity of the surface,
2p, in agreement with our previous results and experimentally

llustrated by Lee et al. [70]. As we have shown earlier, methanol
dsorption (44) precedes an acid-base dissociation (45). On the
lean surface the Ce-O pairs act as such centers. It shall be noticed
hat the basicity of O2p is involved in both CO2 trapping and CH3OH
dsorption. As methanol reacts easily with the surface, the need
f high CO2 pressure can be explained as the competition for the
dsorption on the basic sites of the surface. The subsequent reaction
teps can be understood as a substitution where CO2 is attacked by
he methoxy group. At this stage, the carbonate gets protonated
o improve its ability as leaving group. The ligand displacement by
nother methoxy group on the surface would generate a surface
ydroxyl group and the DMC, weakly bound to the surface. The
ecombination of OH with another proton from the surface leads to

he secondary water product.

The mechanistic analysis indicates that the following descrip-
ors are crucial for DMC  synthesis. First, both the basicity and
he acidity of the material are required to initiate the reaction.
 B: Environmental 197 (2016) 299–312

However, a high acidity of the material has been described as detri-
mental to the overall performance. The reason for that can be traced
back to the fact that steps (46) and (47) are limited by the pres-
ence of strong acid (Brønsted) sites as clean basic O centers are
needed on the surface. Still, some degree of acidity is needed to
eliminate water from the surface (51). This explains the acid-base
promotion found experimentally [70]. Moreover, the mechanism
sketched above provides two major threats. On the one hand, areas
with high density of vacancies where some of the carbonates can
be trapped will activate the internal bonds in undesired manners.
Therefore, facets or doping that improve the formation of vacancies
or contain more vacancies would be less efficient to form DMC. An
alternative way of illustrating this is by inferring the size required
for the reaction ensemble. While the reactions described before
dimethyl carbonate synthesis required only a very few adsorption
sites, the large hapticity of the fragments involved in this reaction
implies that the isolation of sites is not a good strategy in DMC
synthesis.

4. Conclusions and outlook

The applications of CeO2 in heterogeneous catalysis have grown
over the last years. The flexibility of the electronic structure able to
be reduced, the acid-base properties of the surface, and its resis-
tance against harsh reactions conditions make it suitable for many
uses. These versatile and unique catalytic properties turn ceria an
optimal playground to make a real step forward in catalysis. In this
perspective, the synergy between careful synthetic shape control
at the nanoscale, accurate characterization, catalytic testing, and
extensive use of the computational techniques for the rationaliza-
tion and prediction of the properties are gathered and described.
The oxygen activation ability has been taken as the main prop-
erty of the material, thus being mainly employed in traditional
oxidation processes like CO and soot. However, these properties
have been extended to other challenging oxidation processes, like
those of hydrogen halides (HCl and HBr) for halogen recovery.
Complementary reactions including alkyne semi-hydrogenation
have been also reported recently and are being extended to other
oxides. Other reactions that are basically centered in the reduction
of methanol to formaldehyde and the condensation of methanol
with CO2 to dimethylcarbonate have also been proposed. This wide
variety of reactions can be systematized based on descriptors for
the reactivity. Starting from the classical terms described by Gras-
selli [78], which are non-ortogonal, we  have developed a full set
of chemical descriptors that can be used to describe the reactiv-
ity of these materials and that can be either experimentally or
computationally derived. In most cases, due to some difficulties
in either shape-selected synthesis or precise characterization, it
is easier to calculate these descriptors from first-principles. Our
results show that it is possible to trace back the reactivity and stabil-
ity of materials mainly through the introduction of basicity, redox,
and geometric terms.

We herein propose a systematic way  to analyze reactivity of
ceria in catalytic processes. We  consider that this is the first step
towards the prediction of more active and selective surfaces (or
doped systems) for the next generation of ceria-based materials.
Improving the performance via chemical descriptors is a much
more intuitive approach than other structure-activity relation-
ships based on energies, as they are directly meaningful and might
be benchmarked against experimental descriptors. Finally, the
approach provided herein to describe the catalysis of ceria can be

extended to other families of complex compounds including oxides,
carbides, sulphides, and multicomponent materials with acid-base
and/or redox sites, and employed to oxidations, reductions, acid-
base, and associative reactions. The procedure then shall enclose: (i)
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etermination of the phases under reaction conditions; (ii) experi-
ental and first-principles thermodynamics to analyze the state of

he surface (stoichiometry, geometry, etc); and finally, (iii) reduce
he complete set of chemical descriptors to the meaningful ones for

 particular reaction, experimental conditions, and/or material.
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[41] V. Matolín, J. Libra, M. Škoda, N. Tsud, K.C. Prince, T. Skála, Surf. Sci. 603

(2009) 1087–1092.
[42] M.  Li, Z. Wu,  S.H. Overbury, J. Catal. 306 (2013) 164–176.
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