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Abstract: Catalysis is an indispensable part of our society, massively involved in numerous energy and
environmental applications. Although, noble metals (NMs)-based catalysts are routinely employed
in catalysis, their limited resources and high cost hinder the widespread practical application.
In this regard, the development of NMs-free metal oxides (MOs) with improved catalytic activity,
selectivity and durability is currently one of the main research pillars in the area of heterogeneous
catalysis. The present review, involving our recent efforts in the field, aims to provide the latest
advances—mainly in the last 10 years—on the rational design of MOs, i.e., the general optimization
framework followed to fine-tune non-precious metal oxide sites and their surrounding environment
by means of appropriate synthetic and promotional/modification routes, exemplified by CuOx/CeO2

binary system. The fine-tuning of size, shape and electronic/chemical state (e.g., through advanced
synthetic routes, special pretreatment protocols, alkali promotion, chemical/structural modification
by reduced graphene oxide (rGO)) can exert a profound influence not only to the reactivity of
metal sites in its own right, but also to metal-support interfacial activity, offering highly active and
stable materials for real-life energy and environmental applications. The main implications of size-,
shape- and electronic/chemical-adjustment on the catalytic performance of CuOx/CeO2 binary system
during some of the most relevant applications in heterogeneous catalysis, such as CO oxidation, N2O
decomposition, preferential oxidation of CO (CO-PROX), water gas shift reaction (WGSR), and CO2

hydrogenation to value-added products, are thoroughly discussed. It is clearly revealed that the
rational design and tailoring of NMs-free metal oxides can lead to extremely active composites, with
comparable or even superior reactivity than that of NMs-based catalysts. The obtained conclusions
could provide rationales and design principles towards the development of cost-effective, highly active
NMs-free MOs, paving also the way for the decrease of noble metals content in NMs-based catalysts.

Keywords: copper-ceria; rational design; size; shape; electronic/chemical functionalization; CO
oxidation; N2O decomposition; preferential oxidation of CO (CO-PROX); water gas shift reaction
(WGSR); CO2 hydrogenation

1. Introduction

The fast growth rate of population in the last decades has led to an unprecedented increase in energy
demands. However, the main energy sources fulfilling global demands originate from fossil fuels,
rising significant concerns in relation to sources availability and environmental degradation. To this
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end, the development of emerging energy technologies towards the production of environmentally
friendly fuels besides the establishment of cost-effective environmental technologies for climate change
mitigation has become a main priority in the scientific and industrial community. Clean and reliable
energy supply in conjunction with environmental protection by means of highly- and cost-effective
technologies is one of the most significant concerns of the 21st century [1–4].

In view of the above aspects, heterogeneous catalysis is expected to have a key role in the near
future towards sustainable development. Heterogeneous catalysis has received considerable attention
from both the scientific and industrial community, as it is a field of diverse applications, including the
petrochemical industry with the production of high quality chemicals and fuels, the fields of energy
conversion and storage, as well as the remediation of the environment through the abatement of
hazardous substances, signifying its pivotal role in the world economy [1,3,5–7].

Several types of catalysts have been employed for energy and environmental applications, which
can be generally classified into: Noble metal (NMs)-based catalysts and NMs-free metal oxides (MOs),
such as bare oxides, mixed metal oxides (MMOs), perovskites, zeolites, hexaaluminates, hydrotalcites,
spinels, among others. Among these, NMs-based catalysts have been traditionally used in numerous
processes, such as CO oxidation [8–11], nitrous oxide (N2O) decomposition [12–17], water-gas shift
reaction [18–20], carbon dioxide (CO2) hydrogenation [21–25], etc., exhibiting high activity and
selectivity. However, their scarcity and extremely high cost render mandatory the development of
highly active, stable and selective catalysts that will be of low cost, nonetheless [26,27].

On the other hand, metal oxides (MOs) prepared from earth-abundant, and inexpensive transition
metals have attracted considerable attention as alternatives to rare and expensive NMs, due to their
particular features, such as enhanced redox properties, thermal stability and catalytic performance
in conjunction to their lower cost [2,3,5,28–43]. The latter is clearly manifested in Figure 1, which
schematically depicts the cost of noble metals in comparison with copper (a typical transition metal
massively involved in MOs) for the past five-year period. It is evident that the price of noble metals is
larger than that of copper by about four orders of magnitude.
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Mixed metal oxides (MMOs) appropriately prepared by admixing two or more single metal
oxides in a specific proportion, have lately gained particular attention, since they exhibit unique
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structural and surface properties, which are completely different from that of parent oxides. Amongst
the numerous MOs, transition metal-based oxides have attracted particular attention, due to their
peculiar chemisorption capacity, linked to partially filled d-shells [44,45]. For instance, Cu-based
oxides can catalyze a variety of reactions following a redox-type mechanism (e.g., photocatalysis),
due to the wide range of Cu oxidation states (mainly Cu0, CuI, CuII), which enables reactivity in
multi-electron pathways. On the other hand, reducible oxides, such as ceria, not only provide the
basis of active phase dispersion, but could have a profound influence on the intrinsic catalytic activity,
through metal-support interactions, as will be further discussed in the sequence. In particular, ceria
or cerium oxide (CeO2) has attracted considerable attention, due to its unique properties, including
enhanced thermal stability, high oxygen storage capacity (OSC) and oxygen mobility, as well as superior
reducibility driven by the formation of surface/structural defects (e.g., oxygen vacancies) through
the rapid interplay between the two oxidation states of cerium (Ce3+/Ce4+) [2,6,38,46–48]. Besides
bare ceria’s exceptional properties, its combination with transition metals leads to improved catalytic
performance, due to the synergy between the metal phase and the support, related to electronic,
geometric and bifunctional interactions [40,49–54]. In this regard, the combination of CuOx and CeO2

oxides towards the formation of CuOx/CeO2 binary oxides, offers catalytic activities comparable or
even better to NMs-based catalysts in various applications, such as CO oxidation, N2O decomposition,
preferential oxidation of CO (CO-PROX), as lately reviewed [40].

The peculiar reactivity of CuOx/CeO2 system arises not only from the distinct characteristics of
individual CuOx and CeO2 phases, but mainly from their synergistic interactions. More specifically,
the synergistic effects between the different counterparts of MOs can offer unique characteristics (e.g.,
improved reducibility, abundant structural defects, etc.), reflected then on the catalytic activity [40,55–60].
Various interrelated factors are usually considered under the term “synergy”, involving among others:

(i) The superior interfacial reactivity as compared to the reactivity of individual particles;
(ii) The presence of defects (e.g., oxygen vacancies);
(iii) The enhanced reducibility of MOs as compared to single ones;
(iv) The interplay between interfacial redox pairs (e.g., Cu2+/Cu+ and Ce3+/Ce4+).

In view of the above, very recently, the modulation of metal-support interactions as a tool
to enhance the catalytic performance was thoroughly reviewed, disclosing that up to fifteen-fold
productivity enhancement can be achieved in reactions related to C1 chemistry by controlling
metal-support interactions [61]. However, it is well established today—thanks to the rapid development
of sophisticated characterization techniques—that various interrelated factors, such as the composition,
the size, the shape, and the electronic state of MOs different counterparts can exert a profound influence
on the local surface chemistry and metal-support interactions, and in turn, on the catalytic activity of
these multifunctional materials [6,48,51,52,62–74]. In view of this fact, the fine-tuning of MOs towards
the development of catalytic materials with the desired cost, activity, selectivity and stability could
be considered the “Holy Grail” in the field of catalyst manufacturing. Size, shape, porous, redox
and electronic adjustment by means of appropriate synthetic and promotional/modification routes
can provide the vehicle to substantially modify not only the reactivity of metal sites in its own right,
but also the interfacial activity, offering highly active and stable materials for real-life energy and
environmental applications (Figure 2).
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In light of the aforementioned issues, the present review article aims to gain insight into the
particular effect of each adjusted parameter on MOs physicochemical characteristics and in turn, on
their catalytic performance, towards revealing rigorous structure-property relationships. The basic
principles of MOs fine-tuning by modulating the size, shape and electronic/chemical state by means of
appropriate synthetic/modification routes will be initially presented. The implications of size, shape
and electronic/chemical effects in catalysis will be next exemplified on the basis of state-of-the-art
catalytic applications of CuOx/CeO2 binary oxide, involving CO oxidation, N2O decomposition,
preferential oxidation of CO (CO-PROX), water gas shift reaction (WGSR), and CO2 hydrogenation
to value-added chemicals/fuels. It should be noted here that the scope of the present article is not to
provide a complete survey in relation to the fundamental understanding and practical applications of
CuOx/CeO2 system, which can be found in various comprehensive reviews [40,49,75–77]. Herein, the
CuOx/CeO2 system is used as an excellent benchmark to reveal how we can adjust the local surface
chemistry and in turn, the catalytic activity of MOs. The obtained conclusions can provide rationales
and design principles towards the development of cost-effective, highly active NMs-free MOs of
various compositions, paving also the way for the decrease of noble metals content in NMs-based
catalysts. The term “CuOx” instead of CuO is used throughout the text to denote the differentiation
of Cu oxidation state depending on synthesis procedure and reaction environment, as discussed in
the sequence.

2. Fine-Tuning of Metal Oxides (MOs)

Heterogeneous catalysis traditionally refers to a chemical reaction on the surface of a solid catalyst,
involving adsorption and activation of reactant(s) on specific active sites, chemical transformation of
adsorbed species and products desorption. Thanks to the rapid development of both in situ and ex situ
characterization techniques, it is well acknowledged that the elementary reaction steps are strongly
dependent on several parameters involving the size, the shape, the electronic state of individual
particles, as well as on their interfacial interactions. Hence, the macroscopic catalytic behavior can
be considered as the outcome of interactions between reactants, intermediates and products with the
micro(nano)scopic coordination environment of surface atoms, involving geometric arrangements,
electronic confinement, and interfacial effects, among others. In view of this fact, the modulation of the
above-mentioned parameters can profoundly affect the local surface structure and chemistry with great
implications in catalysis. It should be mentioned, however, that due to the interplay between structural
and chemical factors, it is quite challenging to disclose the fundamental origin of catalytic performance.
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Thus, it is of vital importance to establish reliable structure-property relationships, unveiling the
particular role of each factor. The latter could lead to rational design instead of trial-and-error methods
by utilizing the fundamental knowledge at the nanoscale.

Moreover, taking into account that the majority of MOs consists of at least two different counterparts,
this triggers unique opportunities towards designing various MOs of the same composition, but of
different reactivity by adjusting the above-mentioned parameters either in one or both counterparts.
For instance, by modulating the size, morphology and electronic/chemical state of ceria carrier
in CuOx/CeO2 composites, a different extent of metal-support interactions can be attained with
implications in catalysis. In a similar manner, the co-adjustment of the shape of both CuOx and CeO2

could lead to different synergistic interactions, providing CuOx/CeO2 systems of peculiar reactivity.
The proposed adjusting approach on the way to fine-tune MOs is schematically illustrated in Figure 3,
clearly revealing the unique opportunities in the field of materials synthesis and engineering towards
the development of low-cost and highly-effective composites.
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Figure 3. Indicative pathways towards the fine-tuning of a binary metal oxide of the general formula
AB by adjusting the size (S), morphology (M), electronic (E) and chemical (C) state of one or both of the
individual counterparts A and B. For instance, CuOx (A)/CeO2 (B) binary oxides of different reactivity
can be obtained by combining the morphology engineering of CeO2 {denoted as M (B)} with the size
engineering of CuOx {denoted as (S (A)} or by combining both the size and morphology engineering
of both counterparts {S(A) + M(A) + S(B) + M (B)}. The scheme is just indicative of the different
approaches that can be followed to adjust the local surface chemistry of MOs, without exhausting the
margins of all possible combinations.

In the following, the basic principles of size, shape, and electronic/chemical effects are provided in
separate sections. It should be stressed, however, that this district presentation does not also mean a
district effect of each factor in catalysis. Almost all parameters are interrelated; thus, the discrete role
of each one in the catalytic activity of MOs cannot be easily disclosed, as further discussed below.
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2.1. Size Effects

The rapid development of nanotechnology in the last years enables the fabrication of MOs with
tunable size and shape at the nanometer scale. Nowadays, it has been both experimentally and
theoretically revealed that the surface, structural and electronic properties of nanoparticles (NPs)
differ essentially from the corresponding bulk properties. In general, by decreasing the particle size
of metal oxide particles down to few nanometers (e.g., <10 nm), a dramatic increase in activity can
be generally obtained, attributed to “size effects”. This size-dependent reactivity can be ascribed to
different contributions, namely: (i) Quantum size effects, (ii) presence of low coordinated atoms into
NPs surface, (iii) electronic state of the surface, (iv) strong interparticle interactions. Hereinafter, the
particular effect of every contribution is shortly presented for the sake of following discussions in
relation to the fine-tuning of MOs. For additional reading, several comprehensive articles in this topical
area are recommended [40,52,62,66,70,71,74,78].

In particular, by decreasing the size of a material down to nanometer scale, the surface-to-volume
ratio is largely increased, resulting in an increased population of surface sites, being the active sites in
catalysis. Besides the modulation of the fraction of atoms on the topmost surface layer, the number of
atoms at corners and edges, being considered more active than those at planes, is considerably increased
by decreasing the size. More specifically, size decrease leads to a high density of under-coordinated
atoms with exceptional adsorption and catalytic properties [52,62,70,79–83]. Typically, surface sites
with low coordination number (CN) demonstrate stronger adsorption ability as compared to those
of high CN [66,70,84]; linear relationships between the adsorption energy of various adsorbates and
the coordination number have been found for several transition metals, including among others
non-precious metals, such as Cu, Ni, and Co [85,86]. Thus, from the geometrical point of view, size
decrease has a direct effect on both the number and type of active surface sites reflected then on
catalytic activity.

Aside from the “geometric size effects”, the electronic state of surface atoms can undergo substantial
modifications upon decreasing the particle size down to nanometer scale. In particular, when a bulk
material with a continuous electron band is subjected to size decrease down to the nanoscale, the
so-called quantum effect or confinement effect is taking place, arising from the presence of discrete
electronic states as in the case of molecules [62,70,74,78,87]. For instance, it has been reported that a
higher electron density, with a d band close to the Fermi level, can be obtained for Au NPs smaller
than ca. 2 nm as compared to bigger ones, with great implications in CO oxidation [88–91].

Recently, thanks to the introduction of new generation sophisticated characterization techniques
(e.g., high-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM),
extended X-ray absorption fine structure (EXAFS)) and computational methods (e.g., DFT calculations),
an indirect size effect linked to the metal-support interactions is clearly revealed. More specifically, even
small perturbations between metal nanoparticles and oxide carriers, due to charge transfer between
particles, local electric fields, morphological changes, “ligand” effect, etc., can induce a substantial
modification in catalytic activity [40,50,55,92–95]. To more accurately describe these phenomena, the
term Electronic Metal Support Interactions (EMSI) has recently been proposed by Campbell [96] in
contrast to classical Strong Metal Support Interactions (SMSI). In view of this concept, tiny metal
clusters composed of a few or even single atoms could play a dominant role in catalysis, despite the fact
that they do not account for more than a few percent of the total metal content [40,50]. In view of this
fact, it has been shown that by controlling metal (Ni, Pd, Pt) nanocrystal size, the length of metal-ceria
interface is appropriately adjusted with significant implications in CO oxidation; normalized reaction
rates were dramatically increased with decreasing the size, due to the increased boundary length
(Figure 4).
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American Association for the Advancement of Science (AAAS).

As an additional implication of size-dependent behavior, the significant effect of particle size on
structural defects of reducible carriers (such as ceria) should be mentioned. In fact, a close relationship
between the crystal size of ceria and the concentration of oxygen vacancies has been revealed; the large
surface-to-volume ratio in conjunction to the exposure of under-coordinated sites can facilitate the
formation of oxygen vacancies and the Ce3+ fraction in non-stoichiometric CeO2-δ NPs [71,97–103].
Moreover, an inverse correlation between the lattice parameters of CeO2 NPs and particle sizes has
been established (Figure 5a), attributed to the increase of Ce3+ and oxygen vacancies concentration [71].
A similar trend was recorded between the surface-to-bulk oxygen ratio and particle size (Figure 5b).

Closing this part concerning the size effects, it should be noted, that although particle size decrease
has, in general, a positive catalytic effect, there is a variation in relation to size-activity relationships
depending on catalyst type and reaction environment. For instance, a positive size effect could be
obtained if the rate determining step (rds) involves the bond cleavage of a reactant molecule on surface
atoms with low coordination number. However, if the same under-coordinated atoms strongly bind
dissociated species (e.g., oxygen atoms), this could lead to the poisoning of catalyst surface, and thus,
to the negative size effect. In particular, in reactions with no structure sensitivity, the activity remains
unaffected by changes in the particle size, while it could decrease with decreasing particle size, referred
as negative particle size effect or antipathetic structure sensitivity, or increase as the particle size
decreases, referred as positive particle size effect or sympathetic structure sensitivity [79]. Moreover,
the activity may reach a maximum when small particles exhibit a negative effect, and larger particles
show a positive one [79].
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2.2. Shape Effects

Nanostructured catalysts possess unique properties originating from nanoscale phenomena linked
mainly to size effects, commented above, and shape effects. The latter refers to the modification of catalytic
activity through the preferential exposure of specific crystallographic facets on the reaction environment,
also termed as morphology-dependent nanocatalysis [51,65,66,70,82,104–106]. In particular, the catalytic
cycle and hence the reaction efficiency, is determined on reactants adsorption/activation and products
desorption processes, being strongly influenced by the surface planes of catalysts particles. In this regard,
the simultaneous modulation of size and shape at the nanometer scale can determine the number and the
nature of exposed sites, and thus, the catalytic performance. This particular topic is an essential issue
within the field of nanocatalysis, aiming to the control of a specific chemical reaction through co-adjusting
these parameters at the nanometer scale.

Thanks to the latest advances in materials science, nanostructured catalysts with well-defined
crystal facets can be fabricated by precisely controlling nanocrystals nucleation and growth
rate [48,63,66,67,78,105]. The obtained crystal morphology is the result of several synthesis parameters,
involving temperature, pressure, concentration, and pH, among others. Several reviews have
been devoted to the subject [6,38,67,82,97,105,107,108]. Various structures with similar or different
dimensions in all directions, such as nanospheres, nanocubes, nanowires, nanorods, nanosheets, etc.,
could be obtained.
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The shape control of ceria and its implications in catalysis is most probably the most extensively
investigated system among metal oxides in heterogeneous catalysis [2,6,38,48,51,64,65,73,82,97,104,
107,109–112]. The growth rate mechanism of ceria nanocrystals can be affected by various parameters,
such as the basicity or polarity of the solvent [113,114], the aging temperature [115,116], the precursor
compound [117,118], and the impregnation medium [119]. Regulation of nanocrystals nucleation and
growth processes results in specific shapes, such as rods and cubes [48,67]. Moreover, by altering the
physicochemical conditions during the synthesis procedure (e.g., by the usage of a capping agent),
blocking of certain facets or continuous growth of others may occur.

There are several synthetic approaches for the preparation of ceria nanoparticles, including
precipitation [119–121], thermal decomposition [121,122], template or surfactant-assisted method [123–126],
microwave-assisted synthesis [127–129], the alcohothermal [124,130] or hydrothermal [121,124,131–135]
method, microemulsion[133,136,137], solutioncombustion[138,139], sol-gel [140–142], sonochemical [143,144],
etc. However, not all methods lead to particles of well-ordered size and shape with uniform dispersion on
the catalyst surface [145]. Among the different methods, the hydrothermal one has attracted considerable
attention, due to the simplicity of the precursor compounds used, the short reaction time, the homogeneity
in morphology, as well as the acquisition of various nanostructures, such as rods, polyhedra, cubes,
wires [107,117,121,124,131,134,135,146–159]. Ceria nanocrystals have three low-index lattice facets of different
activity and stability, namely, {100}, {110}, {111} [48,106], as shown in Figure 6.
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structural optimizations. Reproduced with permission from Reference [106]. Copyright© 2014, Royal
Society of Chemistry.

The selective exposure of ceria reactive facets can strongly affect the redox properties of ceria
and in turn, its intrinsic characteristics as an active phase or supporting carrier. Popular ceria shapes,
mainly, involve nanorods (NR), nanocubes (NC) and nanopolyhedra (NP). Ceria nanorods, mostly,
expose the {110} and {100} facets, whereas, nanocubes and nanopolyhedra preferentially expose the
{100} and {111} facets, respectively [48,51,106]. By means of both experimental [82,104,109,146,160,161]
and theoretical [112,162–166] studies, it was shown that the energy formation of anionic vacancies
is dependent on the exposed facets, following the order: {111} > {100} > {110}. In this regard, the
reactivity of ceria NR is, in general, increased upon increasing the fraction of {110} and {100} facets [65].

In view of the above, it has been clearly revealed that the activity and selectivity are strongly
affected by the exposed crystal planes. For instance, the formation rate of ammonia on Fe crystals
follows the sequence: {111} >> {100} > {110} [167]. Similar morphology-dependent effects have been
demonstrated for several noble metal [105,168] and metal oxide [51] catalyzed processes.
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Very recently, we showed that among ceria nanoparticles of different morphology (nanocubes,
nanorods and nanopolyhedra), as shown in Figure 7a, ceria nanorods with {100} and {110} crystal planes,
exhibited the optimum redox properties in terms of loosely bound oxygen species population [115,121].
Figure 7b depicts the H2 temperature-programmed reduction (H2-TPR) profiles of ceria nanocubes,
nanopolyhedra and nanorods, where two main peaks at ca. 550 and 800 ◦C can be identified, ascribed to
the reduction of surface (Os) and bulk (Ob) oxygen, respectively. Notably, the surface-to-bulk (Os/Ob) ratio
is strongly dependent on ceria morphology following the order: NC (0.71) < NP (0.94) < NR (1.13). It is
also worth mentioning that the onset reduction temperature follows the reverse order, i.e.,: NC (589 ◦C)
> NP (555 ◦C) > NR (545 ◦C), implying the lower temperature reduction of {110} and {100} surfaces as
compared to {111}.
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Figure 7. (a) TEM images and (b) H2-TPR profiles for ceria nanoparticles of different morphology,
i.e., nanorods, nanopolyhedra and nanocubes; (c) CO oxidation performance (T50) of ceria nanoparticles
as a function of ceria redox properties expressed in terms of surface-to-bulk (Os/Ob) TPR ratio and
ID/IF2g Raman ratio [115].



Catalysts 2020, 10, 160 11 of 53

More recently, we explored the impact of ceria exposed facets on structural defects by means
of in situ Raman spectroscopy following a novel approach involving sequential spectra acquisition
under alternating oxidizing and reducing atmospheres [115]. The in situ Raman measurements
perfectly corroborated the aforementioned arguments in relation to the impact of crystal planes on the
reducibility; the relative abundance of defects and oxygen vacancies exhibited by the ID/IF2g ratio, as
well as the relative reducibility expressed by the detachment of O atoms and the partial Ce4+

→ Ce3+

reduction, follow the same trend, i.e., NR > NP > NC.
These results unambiguously indicate that CeO2-nanorods exhibit the highest concentration of

weakly bound oxygen species, linked to enhanced reducibility and oxygen mobility. Interestingly,
an almost linear relationship is revealed between the redox properties, expressed either as Os/Ob or
ID/IF2g ratio, and the CO oxidation performance, in terms of half-conversion temperature (T50), of ceria
nanoparticles (Figure 7c), clearly demonstrating the implications of shape modulation in catalysis.

2.3. Electronic Effects

Besides modulating the local surface structure of MOs by size and shape effects, described above,
the fine-tuning of electronic structure by appropriate promoters can be considered as an additional
modulating tool. Promoters hold a key role in heterogeneous catalysis towards optimizing the catalytic
activity, selectivity and stability by modifying the physicochemical features of MOs, and can be
classified into two general categories: Structural promoters and electronic promoters. The first category
mainly involves the doping of supporting carrier to enhance its structural characteristics and in turn,
the stabilization of active phase (e.g., incorporation of rare earth dopants into three-way catalysts [5]).
On the other hand, electronic promoters can modify catalysts surface chemistry either directly or
indirectly. The former mainly includes the electrostatic interactions between the reactant molecules and
the local electric field of promoters. The latter denotes the promoter-induced modifications on metal
Fermi level, which is then reflected on the chemisorptive bond strength of reactants and intermediates
with great consequences in catalysis. In particular, “promoter effect” is related to the changes in
the work function (Φ) of the catalysts surface upon promoter addition, accompanied by substantial
modification of its chemisorption properties. The vast majority of electronic promotion over metal
oxide catalysts refers to alkali modifiers. It has been well documented that alkali addition can drastically
enhance the activity and selectivity of numerous catalytic systems, involving among others Pt-, Pd-,
Rh-, Cu-, Fe-based catalysts, in various energy and environmental related reactions (e.g., [169–174]).
Various comprehensive studies have been devoted to the role of promoters in heterogeneous catalysis,
to which the reader can refer for further reading [175–177].

Figures 8 and 9 depict the “promoter effect” in the case of alkali-doped Co3O4 oxides during the
N2O decomposition [178,179]. A close relationship between the catalytic performance (in terms of
half-conversion temperature, T50) and the work function (Φ) was disclosed revealing the electronic
nature of alkali promotion; electropositive modifiers (such as alkalis) can decrease the work function of
the catalyst surface, thus, activating the adsorption/decomposition of electron-acceptor molecules (such
as N2O) [178]. However, at high alkali coverages, depolarization occurs, due to the strengthening of the
alkali-alkali bond at the expense of the alkali-surface bond, resulting in a work function increase [180].
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Springer Nature.
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In this point, it should be mentioned that, depending on the support nature and crystal planes,
alkali adsorption may lead to surface reconstruction. This surface reconstruction can be explained by
taking into account the structural/electronic perturbations induced by the formation of the alkali-surface
bond [181]. As mentioned previously, the crystallographic orientation of the support plays an important
role in the diffusion rate of the adsorbed species, as well as in their in-between interaction, resulting in
different structural stabilization [181]. For instance, potassium promoter was shown to stabilize certain
iron facets in K-promoted iron catalysts, by inducing changes in the crystal growth rate, thus, enabling
the formation of small particles with abundance in active facets and affecting the activity and selectivity
of the overall system [182]. As shown in Figure 10, by increasing the K/Fe surface atomic ratio, the
crystal facets become more stable and the surface energy is decreased [182]. This clearly manifests
the pivotal role of alkali addition towards co-adjusting the structural and electronic properties of the
catalyst surface, and in turn, the catalytic performance.
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Besides the alkali-induced modifications on the chemisorption properties, significant alterations
on the surface oxygen mobility have been demonstrated; alkali addition could facilitate suprafacial
recombination of oxygen towards molecular oxygen desorption, thus, liberating active sites [40]. Both
the electronic and redox modifications induced by alkali addition can exert remarkable effects on
catalytic activity and selectivity, demonstrating the key role of “promoter effect” as an additional
adjusting parameter in catalysis.

It should be noted here, as mentioned in the case of size and shape effects, that the promoter
effect is not always positive. The latter strongly depends on reactants type (electron donor or electron
acceptor adsorbates) and the work function changes (increase or decrease) induced by the promoter
(electropositive or electronegative). Thus, besides the structure-sensitivity, commented above, the
electronic-sensitivity of a given reaction should always be taken into account, when attempting to
co-adjust the size, shape and electronic state. Although, this is not an easy task, it could be an effective
approach towards designing cost-effective and highly active composites, as revealed in the sequence.
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2.4. Chemical Modifiers

Besides the extensive use of alkalis or alkaline earths as promoters, numerous other chemical
substances can be employed to modulate the local surface chemistry/structure and in turn, the activity,
selectivity and long-term stability of parent catalyst (e.g., [74]). In this regard, metal alloys (e.g., Au-Ni
alloys as reforming catalysts [183], Pt-Sn alloys for ethanol oxidation [184]) are extensively employed in
catalysis towards obtaining highly active and cost-effective catalytic formulations. Several mechanisms
are considered responsible for the enhanced performance of bimetallic systems, involving mainly
structural (strain effects) and electronic (charge-transfer effects) modifications that can be induced by
the interaction between the different counterparts. The latter substantially modifies the binding energy
of adsorbates and the path of chemical reactions with major consequences in catalysis [50,74].

In a similar manner, chemical substances with unique physico-chemical properties, such as
carbon-based materials, have lately received considerable attention as chemical modifiers or supporting
carriers [62,185]. Various carbon materials, such as carbon nanotubes (CNTs), reduced graphene oxide
(rGO), ordered mesoporous carbon (OMC), carbon nanofibers (CNFs), and graphitic carbon nitride
(g-C3N4), have received particular attention in catalysis after the significant progress in controlled
synthesis and the fundamental understanding of their properties. In general, nanocarbons (NCs)
possess unique physical (large surface area, specific morphology, appropriate pore structure) and
chemical (electronic structure, surface acidity/basicity) properties arising from their nanoscale confined
structures [185].

The combination of metal nanoparticles (NPs) with carbon materials by means of various synthetic
approaches can exert significant modifications on the structural and electronic surrounding of NPs
with subsequent implications in catalysis [62,185]. As for example, confined Fe NPs in CNTs exhibit
an almost twice yield to C5+ hydrocarbons as compared to Fe particles during the syngas conversion
to liquid hydrocarbons [186]. The latter was mainly ascribed to the modified structural and redox
properties of confined Fe NPs within CNTs [62]. Moreover, the application of graphene in catalysis
allows the fabrication of multifunctional materials with distinct heterostructures, which offer quite
different properties as compared to individual materials [185,187,188]. In general, carbon materials with
exceptional structural and electronic characteristics can be effectively employed either as supporting
materials or chemical modifiers, offering unique opportunities towards modulating the intrinsic
reactivity of MOs. For instance, it has been found that the homogeneous distribution of copper atoms
on the surface of rGO in combination with the outstanding electronic properties of rGO lead to high
electrocatalytic activity, due to the synergy between the two components [189].

Metal-organic frameworks (MOFs) are another type of supporting carriers/chemical modifiers
consisting of inorganic metal ions or clusters that are bridged with organic ligands in order for one or
more dimensional configurations to be formed [190]. These materials exhibit unique properties, such
as high surface area and porosity, while their complex network consisting of various channels allows
passage in small molecules [191]. The fabrication of MOF-based MOs composites is of great interest, as
it results in the development of materials with tunable properties and functionality. Metal nanoparticles
regarded as the active centers can be stabilized by MOFs through confinement effects [192]. As for
example, Cu, Ni, and Pd nanoparticles encapsulated by MOFs exhibited high catalytic efficiency,
ascribed mainly to the synergistic effects of nanoconfinement and electron-donation offered by MOF
framework [193–198]. Furthermore, by changing the MOFs functional groups, products distribution
may differ, as a consequence of variations induced in the chemical environment of the catalytically
active sites [199].

2.5. Pretreatment Effects

Besides the advances that can be induced by adjusting the size, shape and electronic state of
MOs, special pretreatment protocols or activation procedures could be applied to further adjust
the local surface chemistry of MOs (e.g., [200,201]). In particular, the local surface chemistry of the
MOs can be further tailored by appropriate pretreatment protocols, including thermal or chemical
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pretreatment. According to the pretreatment protocol followed, different properties get affected,
resulting in diversified catalytic behavior. By way of illustration, it has been reported that defect
engineering by a low-pressure thermal process instead of atmospheric pressure activation, could
notably increase the concentration of oxygen vacancy defects and in turn, the CO oxidation activity of
ceria nanoparticles, offering an additional tool towards the fine-tuning of MOs [200]. Moreover, it has
been documented that the pretreatment protocol (oxidation or reduction) induces significant effects on
the local surface structure of cobalt-ceria oxides affecting the dehydroxylation process in ammonia
synthesis [202]. In a similar manner, oxidative pretreatment of cobalt-ceria catalysts resulted in an
impoverishment of catalyst surface in cobalt species, due to the preferential existence of cerium species
on the outer surface, whereas, cobalt and cerium species are uniformly distributed on the catalyst
surface through the reduction pretreatment, which gives rise to the formation of oxygen vacancies [33].
In addition, a strong interaction between gold and ceria has been observed after O2 pretreatment, due
to the electron transfer from Au0 to ceria, giving rise to oxygen vacancy formation, lattice oxygen
migration, as well as to the formation of Auδ+-CO and surface bicarbonate species, favoring, thus, the
adsorption of CO and the desorption of CO2 [203]. In terms of T100, CO oxidation performance showed
the following order: O2 pretreatment (74 ◦C) < N2 pretreatment (142 ◦C) < 10% CO/Ar pretreatment
(169 ◦C) [203]. In view of the above short discussion, the pretreatment conditions can affect the
facilitation with which certain active species are formed on the catalyst surface, the oxygen mobility or
the formation of oxygen defects, with great implications in the catalytic performance.

3. Implications of MOs Fine-Tuning in Catalysis Exemplified by CuOx/CeO2 Binary System

In this section, the implications of metal oxides fine-tuning by means of the above-described
size, shape and electronic/chemical effects are presented, on the basis of the CuOx/CeO2 binary oxide
system. This particular catalytic system is selected as representative MOs, taking into account the
tremendous fundamental and practical attention lately devoted to the copper-containing cerium oxide
materials. More specifically, the abundant availability of copper and ceria and consequently, their lower
cost (about four orders of magnitude, Figure 1) render CuOx/CeO2 composites strongly competitive.
Moreover, their excellent reactivity—linked to peculiar metal-support interactions—in conjunction
to their remarkable resistance to various substances, such as carbon dioxide, water and sulfur is of
particular fundamental and practical importance [57,76,204]. Remarkably, copper-containing ceria
catalysts appropriately adjusted by the aforementioned routes demonstrated catalytic activity similar or
even better than NMs-based catalysts in various applications, such as CO oxidation, the decomposition
of N2O and the water-gas shift reaction, among others [115,124,159,205–216].

For instance, the inverse CeOx/Cu(111) system exhibits superior CO oxidation performance
at a relatively low-temperature range (50–100 ◦C), in which the noble metals do not function well,
exhibiting activity values of about one order of magnitude higher than those measured on Pt(100),
Pt(111), and Rh(111) [217–219]. The latter has been mainly attributed, on the basis of the most
conceptual experimental and theoretical studies, to the existence of Ce3+ at the metal-oxide interface
which binds O atoms weaker as compared to bulk Ce3+ [217,220].

In light of the above aspects, in this section, the main implications of size, shape and
electronic/chemical effects on the catalytic performance of CuOx/CeO2 system during some of the most
relevant applications in heterogeneous catalysis will be discussed. It should be stressed that it is not
the aim of this section to provide an extended overview of CuOx/CeO2 catalytic applications, which
can be found in several comprehensive reviews [3,49,57,75,76,221]. It mainly aims to provide a general
optimization framework towards the development of highly active and cost-effective MOs, paving
also the way for the decrease of precious metal content in NMs-based catalysts.

3.1. CO Oxidation

CO oxidation is probably the most studied reaction in heterogeneous catalysis, due to its
practical and fundamental importance. The catalytic elimination of CO is of great importance in
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various applications involving, among others, automotive exhaust emissions control and fuel cell
systems. More importantly, CO oxidation can serve as a prototype reaction to gain insight into the
structure-property relationships.

Regarding, at first, the CO oxidation activity of individual CuOx phase, it has been clearly revealed
that it is strongly dependent on oxidation state, size and morphology. In particular, the following
activity order: Cu2O > metastable cluster CuO > CuO has been revealed, closely related to the ability
to release lattice oxygen [222,223]. On the other hand, the exposed crystal planes of CuOx phase
drastically affect the CO oxidation; truncated octahedral Cu2O with {332} facets displayed better
activity than low index {111} and {100} planes [224]. Similarly, CuO with exposed {011} planes is more
active that close-packed {111} planes [225]. In view of this fact, it has been found that the CO oxidation
activity of CuO mesoporous nanosheets with high-index facets is about 35 times higher than that of
the commercial sample [226]. In general, surface vacancies, originated from coordinately unsaturated
surface Cu atoms, can easily activate oxygen species towards their reaction with the reducing agent [3].

In a similar manner, theoretical and experimental studies have shown that the energy of
anionic vacancies formation over bare ceria follows the order: {111} > {100} > {110}, as previously
analyzed [82,104,109,112,146,160–166]. Moreover, a large increase in oxygen vacancies concentration
has been found for ceria crystal size lower than ca. 10 nm [98], revealing the interrelation between
size and shape effects. In this regard, we recently showed that ceria nanorods with {100} and {110}
exposed facets demonstrated the optimum CO oxidation activity amongst ceria samples of different
morphology; a close relationship between crystal planes-oxygen exchange kinetics-CO oxidation
activity was disclosed [115].

In view of the above aspects, it could be argued that by adjusting the shape and size of individual
counterparts of MOs (CuOx and CeOx in the case of CuOx/CeO2 mixed oxides), significant modifications
in their redox and catalytic properties can be obtained. However, in view of the fact that “the whole is
more than the sum of its part”, the majority of catalytic studies in heterogeneous catalysis is based
on CuOx/CeO2 mixed oxide than on individual oxides [52,227,228]. The underlying mechanism of
this synergistic effect linked to metal-support interactions is the subject of numerous theoretical and
experimental studies in catalysis. The latest advances in the field of CuOx-CeO2 interactions and their
implications in catalysis have been recently reviewed by one of us [40]. In general, the superiority of
binary oxides can be ascribed to various interrelated phenomena, involving among others: (i) Electronic
perturbations between nanoparticles, (ii) redox interplay between interfacial sites, (iii) facilitation
of the formation of structural defects, (iv) improved reducibility and oxygen mobility, (v) unique
reactivity of interfacial sites [40]. However, all of these factors are closely related with the intrinsic and
extrinsic characteristics of individual oxides, triggering unique opportunities towards the development
of highly active MOs by engineering the size and shape of individual oxides and in turn, the interfacial
reactivity . Moreover, chemical or electronic effects induced by aliovalent doping can exert a profound
influence on the catalytic performance, offering an additional tool towards the rational design of MOs
(Figure 2). In the sequence, the optimization of CO oxidation activity of CuOx/CeO2 catalysts by means
of the above-mentioned approaches is presented, as an indicative example of MOs rational design.

Recently, we thoroughly explored the impact of ceria nanoparticles shape effects on the CO
oxidation activity of CuOx/CeO2 catalysts. The results clearly revealed the significant role of morphology
in the CO oxidation activity, following the order: Nanorods (NR) > nanopolyhedra (NP) > nanocubes
(NC), Figure 11. However, more importantly, CuO incorporation to different ceria carriers boosted the
catalytic performance, without affecting the order observed for bare CeO2 (Figure 11), demonstrating
the crucial role of support.
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Figure 11. CO conversion as a function of temperature for bare CeO2 and CuOx/CeO2 samples of
different morphology (NR, NC and NP, as indicated in each curve). Reaction conditions: 2000 ppm CO,
1 vol.% O2, GHSV = 39,000 h−1 [115].

The CuOx/CeO2-NR sample exhibited a half-conversion temperature (T50) of ca. 70 ◦C, which is much
lower to that required for a typical noble metal oxidation catalyst, such as Pt/Al2O3 (T50 = 230 ◦C), as shown
in Figure 12. Based on a thorough in situ and ex situ characterization study, a perfect relationship between
the CO oxidation performance and the following parameters was disclosed: (i) Relative population of
Cu+/Ce3+ redox pairs, (ii) abundance of loosely bound oxygen species, expressed in terms of surface-to-bulk
oxygen reducibility, (iii) relative concentration of oxygen vacancies, evidenced by the ID/IF2g Raman ratio
(Figure 7c) [115]. Similar conclusions in relation to the key role of ceria morphology in the CO oxidation
activity have been reported by several groups [117,134,154,158,210,212,229–231], most of these revealing
the superiority of nanorods.

However, it should be noted that similar or even better catalytic activities can be obtained by
different morphologies (e.g., [124,211,212]). In this regard, it was recently shown that sub-nanometer
copper oxide clusters (1 wt.% Cu loading) deposited on ceria nanospheres (NS) exhibited superior
performance as compared to that deposited on nanorods (T100 = 122 ◦C vs. 194 ◦C) [124]. Extensive
characterization investigations revealed that the copper species in nanorods samples existed in both
Cu-[Ox]-Ce and CuOx clusters, while CuOx clusters dominated in nanospheres. Among these species,
only CuOx clusters could be easily reduced to Cu(I) when they were subjected to interaction with CO,
which is considered to be the reason of the enhanced reactivity of CuOx/CeO2-NS samples [124].
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Figure 12. A comparison between bare ceria, copper-ceria and a noble metal catalyst, in terms of
half-conversion temperature (T50) for the oxidation of CO. Reaction conditions: 2000 ppm CO, 1 vol.%
O2, GHSV = 39,000 h−1.

So far, numerous synthesis routes and different precursors have been employed to adjust the
structural and morphological characteristics of CuOx/CeO2 composites, mostly summarized by Prasad
and Rattan [76]. For instance, it has been found that the use of Ce(III) instead of Ce(IV) precursors can
lead to CuOx/CeO2 catalysts with superior reducibility and CO oxidation activity [232]. In particular,
it was experimentally shown that Ce(III)-derived samples contained a higher amount of Cu+ species,
through the redox equilibrium Cu2+ + Ce3+

↔ Cu+ + Ce4+, which are responsible for their enhanced
oxidation performance [232]. Moreover, CuOx/CeO2 samples prepared from copper acetate precursor
demonstrated better CO oxidation performance as compared to those prepared from nitrate, chloride
and sulfate precursors [233]. Avgouropoulos and co-workers [234,235] recently employed a novel
hydrothermal method for the synthesis of atomically dispersed CuOx/CeO2 catalysts, offering high
CO oxidation performance. By means of various complementary techniques, it was shown that
the catalytic activity is mainly related to the nature of highly dispersed copper species rather than
the structural/textural characteristics. In a similar manner, Elias et al. [236] reported on the facile
synthesis of phase-pure, monodisperse ~3 nm Cu0.1Ce0.9O2-x crystallites via solution-based pyrolysis
of heterobimetallic Schiff complexes. An increase of CO oxidation activity by one and three orders
of magnitude compared to ceria nanoparticles (3 nm) and microparticles (5 µm), respectively, was
attained (Figure 13).
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2.5% O2 balanced in He at a flow rate of 1300 mL min−1 gcat

−1 for 20 mg catalyst loadings. Reproduced
with permission from Reference [236]. Copyright© 2014, American Chemical Society.

Besides the engineering of shape and size, porous structure engineering could exert a significant
influence on the CO oxidation activity of CuOx/CeO2 catalysts [123,213]. As for example, three-dimensional
CuOx-doped CeO2 prepared by a hard template method exhibited complete CO conversion at temperatures
as low as 50 ◦C, due to their improved textural and redox properties [213].

Regarding the influence of CuOx/CeO2 composition on the CO oxidation activity, most of the
studies revealed an optimum Cu/(Cu+Ce) atomic ratio in the range of 15–30% [212,231,232,237,238].
Within this specific range, the optimum physicochemical characteristics and interfacial interactions can
be achieved, reflected then on catalytic activity.

Apart from the above-described approaches that have been put forward to improve the CO
oxidation performance of CuOx/CeO2 oxides, the addition of aliovalent elements as structural/surface
promoters should be mentioned. In view of this fact, it has been found that the modification of
ceria support by Mn [239] or Sn [240] can drastically modify the dispersion of CuOx and the redox
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interplay between Cu species and support, thus, enhancing the CO oxidation performance. Very
recently, the tuning of the interfacial properties of CuOx/CeO2 by In2O3 doping was also explored [241].
It was found that the CO oxidation performance of In2O3-CuOx/CeO2 sample greatly exceeds that of
parent oxide, offering complete CO conversion at temperatures as low as 100 ◦C [241]. By means of
complementary characterization studies and density functional theory calculations, it was proved that
In2O3 could modify the geometric structure of CuOx particles by reducing their size. The latter results
in more metal-support interfacial sites and abundant defects. Moreover, the interaction between In and
Cu could modify the electronic state of Cu atoms towards the stabilization of partially reduced Cu
sites at the interface [241].

Recently, copper-ceria nanosheets were synthesized by using graphene oxide as a sacrificial
template, in an attempt to increase the concentration of active interfacial sites [242]. The copper-ceria
interaction was further adjusted by appropriate pretreatment, with the catalyst calcined at 600 ◦C
exhibiting complete CO conversion at 90 ◦C, due to the high concentration in active copper species
and oxygen vacancies [242]. Moreover, a sword-like copper-ceria composite derived by a Ce-based
MOF with 5 wt.% Cu loading, exhibited superior CO conversion performance (T100 = 100 ◦C) in
comparison to other irregular-shaped catalysts, due to the good interfacial contact, which resulted in the
abundance of Cu+ active species and oxygen vacancies [191]. Very recently, triple-shelled CuOx/CeO2

hollow nanospheres were synthesized by MOFs, exhibiting high CO conversion performance
(T100 = 130 ◦C) [243]. This was mainly ascribed to the porous structure of the triple-shelled morphology,
offering an enhanced synergistic interaction between copper and ceria [243].

Table 1 summarizes, at a glance, indicative attempts followed to adjust the interfacial properties
and in turn, the CO oxidation performance of CuOx/CeO2 binary oxides. It is evident that extremely
active composites can be obtained by adjusting the shape, size and electronic/chemical state by
means of appropriate synthetic and/or promotional routes. It is of worth pointing out the superiority
of finely-tuned CuOx/CeO2 samples as compared to noble metal-based catalysts, offering unique
opportunities towards the rational design of highly active metal oxide catalysts. Moreover, as
further guidance, it would be of particular importance to explore the combining effect of different
adjusted parameters (e.g., CuOx/CeO2 nanorods co-doped with main-group elements) towards
further optimization.
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Table 1. Indicative studies towards adjusting the CO oxidation performance of CuOx/CeO2 oxides.

Reaction Conditions Adjusted Parameter (Employed Method) Optimum System T50 (◦C) Reference

0.2% CO + 1.0% O2;
WHSV = 75,000 mL g−1 h−1;

GHSV = 39,000 h−1

shape/size
(hydrothermal synthesis) 8.5 wt.% Cu/CeO2-nanorods 72 [115]

1.0% CO + 15.0% O2;
WHSV = 7200 mL g−1 h−1

shape/size
(hydrothermal synthesis)

15 wt.% Cu/CeO2-nanorods
CeO2 (15 nm), CuO (6.0 nm) 50 [210]

1.0% CO + 20.0% O2;
WHSV = 80,000 mL g−1 h−1

shape/size
(alcothermal method)

1.0 wt.% Cu/CeO2-nanospheres
(~130–150 nm spheres comprised of 2–5 nm

nanoparticles)
85 [124]

1.0% CO + 2.5% O2;
WHSV = 78,000 mL g−1 h−1

size/structure
(solution-based pyrolysis of heterobimetallic Schiff complexes) Cu0.1Ce0.9O2-x monodisperse nanoparticles (~3.0 nm) 150 [236]

1.0% CO + 10.0% O2;
WHSV = 60,000 mL g−1 h−1

size/structure
(thermolytic decomposition in the presence of capping agent)

9.0 at.% Cu/CeO2
CeO2 (3.3 nm) 85 [211]

1.0% CO, air balance;
WHSV = 30,000 mL g−1 h−1

size/structure
(hydrothermal treatment)

Cu/CeO2-nanospheres
(Cu/(Cu+Ce) = 0.33, spherical particles of 300–400 nm

diameter composed of nanoparticles of ca. 10 nm)
70 [212]

0.24% CO + 15.0% O2;
WHSV = 60,000 mL g−1 h−1

size/structure
(hard template method) 10 mol.% Cu/CeO2-microspheres 150 [123]

1.0% CO, air balance;
WHSV = 10,000 mL g−1 h−1

size/structure
(hard template method)

three-dimensional (3D)
Cu/CeO2 ((Cu/Cu+Ce) = 0.2) 34 [213]

1.0% CO + 21.0% O2;
WHSV = 60,000 mL·g−1

·h−1
shape

(thermal annealing of CeMOF precursors) 8.0 wt.% Cu/CeO2-triple-shelled hollow nanospheres 110 [243]

1.0% CO, air balance;
WHSV = 52,000 mL g−1 h−1

electronic/chemical state
(doping by urea combustion method) 5.0 wt.% Cu/Ce0.9Mn0.1O2 120 [239]

2.4% CO + 1.2% O2;
WHSV = 32,000 mL g−1 h−1

electronic/chemical state
(doping by combustion method) 6.0 wt.% Cu/Ce0.7Sn0.3O2 80 [240]

1.0% CO + 20.0% O2;
WHSV = 60,000 mL g−1 h−1

electronic/chemical state
(doping by wetness co-impregnation method)

In2O3-CuOx/CeO2
1.25 wt.% In, 5.0 wt.% Cu 73 [241]

1.0% CO + 1.0% O2;
GHSV = 9600 h−1 - 1.0 wt.% Pt/CeO2 70 [244]

1.0% CO + 20.0% O2;
WHSV = 60,000 mL g−1 h−1 - 3.0 wt.% Pd/CeO2 120 [241]

0.95% CO + 1.75% O2;
WHSV = 12,000 mL g−1 h−1 - 0.2 wt.% Pd/CeO2 180 [245]

WHSV: Weight hourly space velocity [=] mL g−1 h−1; GHSV: Gas hourly space velocity [=] h−1.
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3.2. N2O Decomposition

Nitrous oxide (N2O) has been lately recognized as one of the most potent greenhouse gases and
ozone depleting substances [246]. In view of this fact, the catalytic abatement of N2O has received
particular attention as one of the most promising remediation methods. Although noble metals
exhibit satisfactory activity, their high cost and sensitivity to various substances (e.g., O2, H2O) hinder
widespread applications. Hence, as previously stated, noble metal-free composites have gained
particular attention as potential candidates. The recent advances in the field of N2O decomposition
over metal oxides have been recently reviewed by Konsolakis [246]. It was clearly revealed that MOs
could be effectively applied for N2O decomposition, demonstrating comparable or even better catalytic
performance compared to NMs-based catalysts. More interestingly, and in line with the aim and scope
of the present article, it was shown that very active and stable MOs could be obtained by adjusting
their size, shape and electronic state through appropriate synthesis and promotional routes [246].

Herein, we shortly present the main approaches lately followed to improve the deN2O performance
of MOs, exemplified by the CuOx/CeO2 system. Table 2 presents indicative studies towards this
direction, involving our recent advances in the field [215,247]. It is of worth noticing the comparable
or even superior deN2O performance of finely-tuned CuOx/CeO2 samples as compared to noble
metal-based catalysts (Table 2).

Recently, we explored the impact of synthesis procedure (impregnation, co-precipitation and
exotemplating methods) on the deN2O performance of CuOx/CeO2 mixed oxides [247]. Co-precipitation
method resulted in the optimum performance, offering complete N2O conversion at ca. 550 ◦C. On the
basis of characterization results (XPS, TPR, micro-Raman), the superiority of precipitated samples was
ascribed to their enhanced reducibility and the facilitation of Ce4+/Ce3+ and Cu2+/Cu+ redox cycles.
In an attempt to further improve the deN2O performance of CuOx/CeO2 samples, very recently, we
explored the potential to further adjust the local surface chemistry and metal-support interactions by
means of electronic (alkali) promotion. Notably, the results showed that by co-adjusting the synthesis
procedure and the electronic state, highly active deN2O catalysts could be obtained; the sample with a
Cs content of 1.0 at Cs/nm2 offers a half-conversion temperature (T50) about 200 ◦C lower as compared
to the commercial sample (Figure 14) [215]. The superiority of Cs-doped samples was ascribed to the
electronic effect of alkali doping towards stabilizing partially reduced Cu+/Ce3+ pairs, which play a
pivotal role in the deN2O process [215,246].
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Table 2. Indicative studies followed to adjust the deN2O performance of CuOx/CeO2 oxides.

Reaction Conditions Adjusted Parameter (Employed Method) Optimum System T50 (◦C) Reference

0.26% N2O;
GHSV = 19,000 h−1

composition
(citrate acid method) 67 mol.% Cu/CeO2 370 [214]

0.25% N2O;
GHSV = 45,000 h−1

composition
(hard template replication) 40 mol.% Cu/CeO2 440 [248]

0.1% N2O;
WHSV = 90,000 mL g−1 h−1

size/structure
(various synthesis methods)

20 wt.% Cu/CeO2 prepared by co-precipitation, CeO2
(11.8 nm) 465 [247]

0.1% N2O;
WHSV = 90,000 mL g−1 h−1

size/structure (co-precipitation method) and electronic state
(alkali addition)

Cs-doped (1.0 at/nm2) Cu/CeO2
CeO2 (13.5 nm)

420 [215]

0.2% N2O;
WHSV = 60,000 mL g−1 h−1

size/structure
(hydrothermal method)

molar ratio Cu/Ce = 1,
CeO2 (7.0 nm), CuO (24 nm) 380 [216]

0.25% N2O;
WHSV = 120,000 mL g−1 h−1

shape
(hydrothermal method) 4.0 wt.% Cu/CeO2-nanorods 430 [146]

0.25% N2O;
WHSV = 60,000 mL g−1 h−1

shape
(glycothermal method) 10 wt.% Cu/CeO2-nanospheres 380 [205]

0.1% N2O;
WHSV = 60,000 mL g−1 h−1 - 0.5 wt% Rh/Al2O3 340 [249]

0.1% N2O;
WHSV = 60,000 mL g−1 h−1 - 0.5 wt% Pt/Al2O3 500 [249]

0.1% N2O;
WHSV = 60,000 mL g−1 h−1 - 0.5 wt% Pd/Al2O3 >500 [249]

WHSV: Weight hourly space velocity [=] mL g−1 h−1; GHSV: Gas hourly space velocity [=] h−1.
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a normalized activity ca. 20% higher compared to {111} planes of polyhedra (Figure 15). In terms of 
conversion performance, the 4.0 wt.% CuOx/Ceria-nanorods exhibited a half-conversion temperature 
(T50) of about 430 °C compared to 440 °C and 470 °C of nanopolyhedra and nanocubes, respectively. 
On the basis of a thorough characterization study, it was disclosed that the oxygen mobility and the 
regeneration of active Cu phase are easier on ceria nanorods, which in turn, facilitates the deN2O 
activity through oxygen desorption and replenishment of active sites [146]. In a similar manner, CuOx 
supported on CeO2 nanospheres exhibited high deN2O performance (T50 = 380 °C, Table 2), ascribed 
mainly to the high population of CuOx clusters on the high surface area CeO2 nanospheres [205]. 
These findings clearly demonstrate the significant advances that can be achieved in the deN2O 
process by engineering the size and shape of metal oxide composites. 

Figure 14. Optimization of deN2O performance of CuOx/CeO2 mixed oxides by co-adjusting synthesis
parameters (co-precipitation method) and electronic state (alkali addition). For comparison, the
corresponding performance of CuOx supported on commercial ceria is included. Reaction conditions:
0.1% N2O balanced with He; WHSV = 90,000 mL g−1 h−1 [215].

The effect of ceria morphology (nanorods, nanocubes, nanopolyhedra) on the deN2O performance
of CuOx/CeO2 composites was extensively investigated by Pintar and co-workers [146]. Copper clusters
located on {100} and {110} planes—preferentially exposed on ceria nanorods—exhibit a normalized
activity ca. 20% higher compared to {111} planes of polyhedra (Figure 15). In terms of conversion
performance, the 4.0 wt.% CuOx/Ceria-nanorods exhibited a half-conversion temperature (T50) of about
430 ◦C compared to 440 ◦C and 470 ◦C of nanopolyhedra and nanocubes, respectively. On the basis of
a thorough characterization study, it was disclosed that the oxygen mobility and the regeneration of
active Cu phase are easier on ceria nanorods, which in turn, facilitates the deN2O activity through
oxygen desorption and replenishment of active sites [146]. In a similar manner, CuOx supported on
CeO2 nanospheres exhibited high deN2O performance (T50 = 380 ◦C, Table 2), ascribed mainly to the
high population of CuOx clusters on the high surface area CeO2 nanospheres [205]. These findings
clearly demonstrate the significant advances that can be achieved in the deN2O process by engineering
the size and shape of metal oxide composites.
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Figure 15. The activity of nanoshaped CuOx/CeO2 catalysts measured at T = 375 ◦C. Adapted from
Reference [146]. Copyright© 2015, American Chemical Society.

3.3. Preferential Oxidation of CO (CO-PROX)

The copper-ceria binary oxides are amongst the most widely investigated catalytic systems in the
preferential oxidation of carbon monoxide (CO-PROX), a reaction used for the production of highly
purified hydrogen and the removal of CO. CuOx/CeO2 catalysts have gained particular attention
in CO-PROX process, due to their superior performance, which is mainly ascribed to the peculiar
properties of copper-ceria interface [40].

In the light of the above-mentioned size, shape and electronic/chemical effects, numerous efforts
have been put forward towards optimizing the CO-PROX performance. Indicative approaches followed
to fine-tune the CO-PROX performance are summarized in Table 3, and further discussed below.
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Table 3. Indicative studies towards adjusting the CO preferential oxidation performance of CuOx/CeO2 oxides.

Reaction Conditions Adjusted Parameter
(Employed Method) Optimum System Maximum CO

Conversion Reference

1.0% CO + 1.0% O2 + 50.0% H2;
WHSV = 60,000 mL g−1 h−1

composition
(hydrothermal method) 5.0 wt.% Cu/CeO2 99.6% at 130 ◦C [250]

1.0% CO + 1.0% O2 + 50.0% H2;
WHSV = 60,000 mL g−1 h−1

composition
(co-precipitation method) 30 at.% Cu/CeO2 ~92% at 143 ◦C [251]

1.0% CO + 1.0% O2 + 10.0% H2O +
15.0% CO2 + 50.0% H2;

WHSV = 30,000 mL g−1 h−1

composition
(sol-gel precipitation/

chelating-impregnation)
10 wt.% Cu/CeO2 ~99.5% at 100 ◦C [252]

1.0% CO + 1.0% O2 + 40.0% H2;
WHSV = 30,000 mL g−1 h−1

composition
(nanocasting method) 7.0 wt.% Cu/CeO2 100% at 110 ◦C [253]

1.2% CO + 1.2% O2 + 50.0% H2;
WHSV = 20,000 mL g−1 h−1

composition/size
(freeze-drying method)

6.0 wt.% Cu/CeO2
CeO2 (9.9 nm), CuO (10.7 nm) 100% at 90 ◦C [254]

1.0% CO + 1.0% O2 + 50.0% H2;
WHSV = 16,000 mL g−1 h−1

composition/size
(solvent-free method, cupric nitrate as a copper precursor)

7.5 wt.% Cu/CeO2
CeO2 (16.3 nm) 100% at 120 ◦C [255]

1.0% CO + 1.0% O2 + 50.0% H2
WHSV = 40,000 mL g−1 h−1

chemical state
(ultrasound-aided impregnation) Cu0.4Ce0.6O/CNTs 100% at 120 ◦C [256]

1.25% CO + 1.25% O2 + 50.0% H2;
WHSV = 20,000 mL g−1 h−1

size
(Poly(methyl metacrylate) as a template)

6.0 wt.% Cu/CeO2
CeO2 (5.6 nm) 100% at 115 ◦C [257]

1.0% CO + 1.0% O2 + 50.0% H2;
WHSV = 36,000 mL g−1 h−1

shape
(hydrothermal method) 4.0 wt.% Cu/CeO2-octahedra 95% at 140 ◦C [258]

1.0% CO + 1.0% O2 + 50.0% H2;
WHSV = 60,000 mL g−1 h−1

shape
(hydrothermal method) 5.0 wt.% Cu/CeO2-rods/polyhedra >99.0% at 95/90 ◦C [157]

1.0% CO + 1.0% O2 + 50.0% H2;
WHSV = 40,000 mL g−1

·h−1
shape

(hydrothermal method)
Cu/CeO2-spheres

CeO2/CuO = 5 100% at 95 ◦C [116]

1.0% CO + 1.0% O2 + 50.0% H2;
WHSV = 16,000 mL g−1

·h−1
shape

(alcothermal method) 5.0 wt.% Cu/CeO2-spheres 100% at 100 ◦C [259]

1.0% CO + 1.0% O2 + 50.0% H2;
WHSV = 40,000 mL g−1

·h−1
shape

(self-templating method) Cu/CeO2-triple-shelled hollow microspheres 100% at 95 ◦C [260]

1.0% CO + 1.0% O2 + 50.0% H2;
WHSV = 120,000 mL g−1

·h−1
electronic/chemical state

(potassium doping/carbon nanotubes)
Cu/CeO2/CNTs

(2.5 wt.% Cu, 20 wt.% CeO2, alkali/Cu = 0.68) 100% at 175 ◦C [261]

1.0% CO + 1.0% O2 + 50.0% H2;
WHSV = 60,000 mL g−1 h−1

pretreatment
(with hydrogen) 10 wt.% Cu/CeO2 72% at 80 ◦C [262]

1.0% CO + 1.0% O2 + 50.0% H2;
WHSV = 60,000 mL·g−1 h−1

pretreatment
(with 2 M NaOH and etched with an ionic liquid) 10 wt.% Cu/CeO2 100% at 150 ◦C [263]

1.0% CO + 1.25% O2 + 50.0% H2;
WHSV = 25,000 mL·g−1 h−1

pretreatment
(with HNO3, pH < 4) 7.5 wt.% Cu/CeO2 100% at 137 ◦C [264]

WHSV: Weight hourly space velocity [=] mL g−1 h−1.
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Several copper-ceria catalytic systems of various copper loadings have been synthesized by different
methods, with the optimum Cu loading varying between 5 and 10 wt.% [250,252–254,265]. A further
increase in Cu content from 10 to 15 wt.% has been reported to reduce the catalytic activity, due to the
large CuOx agglomerates on the catalyst surface [252]. It was revealed, by means of both ex situ and in
situ characterization studies, that the desired CO oxidation process is related to partially reduced Cu+

species, whereas, highly reduced copper species not strongly associated with CeO2 favor the undesired
H2 oxidation [40,250,265–267]. In view of this fact, extensive research efforts have been put forward to
control the two competitive oxidation processes by appropriately adjusting the geometric and electronic
interactions between copper and ceria through the above-described fine-tuning approaches.

Regarding the shape effect, different copper-ceria nanostructures (rods, cubes, spheres, octahedra,
spindle or multi-shelled morphologies) have been synthesized and studied for the CO-PROX reaction.
It was revealed that the shape-controlled synthesis of ceria nanoparticles has a profound influence
on the CO-PROX activity and selectivity. In particular, it was found that rod-shaped and polyhedral
copper-ceria systems exhibited higher CO conversion performance (T50 = 68 ◦C) at low-temperatures,
as compared to plates (T50 = 71 ◦C) and cubes (T50 = 89 ◦C) [157]. The latter was mainly attributed
to the smaller CuOx clusters subjected to a strong interaction with the ceria carrier, which, in turn,
facilitates the formation of Cu+ sites and oxygen vacancies [157]. More importantly, a close relationship
between measurable physicochemical parameters, such as the amount of Cu+ species and the A584/A454

Raman ratio (related to oxygen vacancies) with the catalytic performance was obtained (Figure 16); rod-
and polyhedral-shaped samples exhibited the highest values on Cu+ species and oxygen vacancies,
demonstrating, also, the optimum CO-PROX performance [157].
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In this point, it should be mentioned that in relation to which ceria shape is the most active or
selective for the CO-PROX process, inconclusive results are acquired, due to the different reaction
conditions applied (see Table 3) in conjunction to the complexity of CO-PROX process, which is
affected to a different extent by the various interrelated parameters (e.g., reducibility, metal dispersion,
oxygen vacancies, oxidation state, metal-support interactions). Under this perspective, it was
reported that copper-ceria nanocubes exhibited higher CO2 selectivity than copper-ceria nanorods or
nanospheres, due to the difficulty of nanocubes to fully reduce the copper oxide species under CO-PROX
conditions [133,268], while, at the same time, exhibiting lower CO conversion than nanorods [268]
and nanospheres [133]. In a similar manner, CuOx/CeO2 spheres and spindles, exposing {111} and
{002} facets, showed the highest CO conversion (T50 = 69 and 74 ◦C, respectively), as well as a wide
temperature window for total CO conversion (95–195 ◦C for spheres and 115–215 ◦C for spindles),
in comparison with octahedrons, cubes and rods [116]. Interestingly, in different shaped ceria
nanostructures, a close relationship is found between the concentration of oxygen vacancies and the
amount of reduced copper species (Figure 17), clearly revealing the key role of exposed facets towards
adjusting the catalytic performance. These findings were further substantiated by DFT calculations
(Figure 18), showing the high population of oxygen vacancies at the intersection of {111} and {002}
facets in opposition to CeO2 {111} surface [116].
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Ce60O119 with an oxygen vacancy in the highlighted positions: {111}, {002} facets and their intersection,
and values of oxygen vacancy formation energy (Evac) below models. (Color code: O in red, Ce
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Reference [116]. Copyright© 2018, Elsevier.

In an attempt to optimize the CO-PROX performance through size and shape engineering single-
and multi-shelled copper-ceria hollow microspheres were synthesized [260,269]. By tuning the number
of shells, the catalytic activity was notably improved, with the triple-shelled structure (Figure 19)
exhibiting the highest activity and selectivity (100% CO conversion and 91% CO2 selectivity at 95 ◦C),
as well as a wide temperature window for complete CO conversion (95–195 ◦C) [260]. The increase
in the number of shells enhances the electronic and geometric interaction between copper and ceria,
offering a high population of exposed active sites and an increased space inside the catalyst which
facilitates reactants accessibility [260].
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Taking into account the pivotal role of nanoparticles crystallite size/shape and their consequent
effect on metal-support interactions, different preparation routes have been investigated for the
synthesis of copper-ceria composites, such as the hydrothermal method, the template-assisted method,
the solid-state preparation method, sol-gel, co-precipitation, freeze-drying, deposition-precipitation,
etc. [250,251,253–255,257,262,270]. For instance, template-assisted synthesis resulted in small ceria
crystallite sizes (ca. 5.6 nm), and thus, in a high population of copper-ceria interfacial sites with
implications in Cu oxidation state and CO-PROX activity [257]. Moreover, the precursor compounds
or the template agent used during the synthesis procedure can affect the pore size and volume or
the reducibility of the materials [255,271]. Interestingly, ethanol washing during the preparation of
CuOx/CeO2 oxides leads to decreased particle sizes, as it affects the dehydration process between
precursors particles, resulting in decreased adsorbed water and improved dispersion [272]. Very
recently, a novel ultrasound-assisted precipitation method was employed to adjust the defective
structure of CeO2 and in turn, the CO-RPOX activity [273]. By means of characterization techniques
and theoretical calculations, it was shown that only two-electron defects on ceria surface (i.e., defects
adsorbing oxygen to form peroxides instead of superoxide species which are formed on one-electron
defects) were responsible for the formation of Cu+ and Ce3+ species, which were intimately involved
in the CO adsorption and oxygen activation processes [273]. In particular, the adsorption of O2 on
two-electron defects resulted in peroxides formation, followed by Cu ions incorporation towards
the development of Cu-O-Ce structure. Meanwhile, the two additional electrons in the two-electron
defects facilitate the electronic re-dispersion in Cu-O-Ce structure, leading to the creation of Cu+ (CO
adsorption sites) and Ce3+ (oxygen activation sites).

Another approach in the direction of catalysts functionalization that has attracted considerable
attention in recent years is the preparation of inverse catalytic systems. In particular, the co-existence
of Cu+ and Cu2+ ions was observed in star-shaped inverse CeO2/CuOx catalysts which exhibited
high catalytic activity [274]. Moreover, the alteration of Ce/Cu molar ratio and/or the pH value in
the inverse CeO2/CuOx catalysts notably affects the morphology and the particle size, which in turn,
favor the contact interface between ceria and copper, and thus, the CO oxidation at the expense of
H2 oxidation in PROX process [44]. In addition, a multi-step synthetic approach has been applied
for a high concentration of oxygen vacancies to be successfully anchored at the interfaces of the
inverse CeO2/CuOx system, leading to outstanding CO-PROX activity (~100% CO conversion at a
wide temperature window 120–210 ◦C) and adequate stability [275].



Catalysts 2020, 10, 160 31 of 53

The doping effect on the CO-PROX performance has also been studied in the inverse copper-ceria
catalysts [276,277]. It was reported that doping ceria with transition metals (e.g., Fe, Co, Ni) induces
changes in the ceria lattice and in the formation of oxygen vacancies [276]. The doping element affects
the reducibility of the CeO2/CuOx catalysts, while promoting the formation of Ce3+ ions and oxygen
vacancies, with the NiO-doped CeO2/CuOx catalyst exhibiting the highest activity (T50 = 68 ◦C) and
the widest temperature window for total CO conversion (115–155 ◦C) [276]. In the inverse copper-ceria
catalysts, it has also been found that the presence of Zn improves the CO-PROX performance, as it has
the ability to hinder the CuO reduction to highly reduced copper sites which provide the active sites
for the H2 oxidation [277].

By applying appropriate pretreatment protocols, the CO-PROX performance may also be greatly
affected. In particular, the pretreatment of copper-ceria catalysts in an oxidative or reductive atmosphere
affects the amount and dispersion of the active species, and consequently, the catalytic performance [262].
The pretreatment with hydrogen led to a breakage of the Cu-[Ox]-Ce structure, which resulted in enhanced
catalytic performance, indicating the significance of the highly dispersed CuOx clusters in the CO-PROX
process [262]. Furthermore, the pretreatment in an acidic or a basic environment affects the interaction
between the two oxide phases. For instance, the pretreatment of ceria spheres in a basic solvent (2M
NaOH), followed by etching in an ionic liquid for the acquisition of ceria nanocubes, resulted in the best
catalytic activity at temperatures lower than 150 ◦C, due to the strong interaction between the highly
dispersed CuOx clusters and ceria support [263]. An acidic treatment with nitric acid in nanorod-shaped
CuOx/CeO2 catalysts has also been performed by Avgouropoulos and co-workers [264]. It was found that
a highly acidic environment (pH < 4) led to an enrichment of catalysts surface in Cu+ species and to high
concentrations of oxygen vacancies and Ce3+ species, while facilitating the formation of surface hydroxyls
that are considered responsible for controlling the interfacial interactions in the copper-ceria binary
system [264]. All the above-mentioned characteristics in conjunction with the better copper dispersion
and the improved reducibility of the highly acidic catalysts resulted in enhanced catalytic performance
(T50 ' 84 ◦C) [264]. The same group has also investigated the pretreatment effect of employing ammonia
solutions in copper-ceria nanorods [278]. It was revealed that the textural and structural properties of
the modified catalysts remained almost unaffected after treatment, whereas, increasing the Cu:NH3 ratio
to 1:4 resulted in higher reducibility and gave rise to Cu+ and surface lattice oxygen species, leading,
thus, to improved catalytic performance [278]. As shown in Figure 20, close relationships between the
half-conversion temperature (T50) and the main Raman peak shift or the concentration of Ce3+ and oxygen
vacancies were observed [278].
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Another adjusted parameter that can exert a profound influence on the catalytic performance is
the electronic promotion mainly induced by alkali modifiers, as it may affect the chemisorption ability
of active sites, as well as the copper-ceria interactions. In that context, it was found that the presence of
K+ ions in CuOx/CeO2 catalysts has a beneficial effect on CO-PROX process in the presence of both
CO2 and H2O, since a proper K+ content was proved to alleviate the CO2 and H2O adsorption on the
reaction sites and thus, enhancing the catalytic performance [279]. Potassium has also been found to
stabilize Cu+ active species by affecting Cu-Ce interactions [280].

An additional engineering approach towards enhancing the CO-PROX reactivity of CuOx/CeO2

oxides involves the employment of chemical substances of specific architecture and textural properties,
such as the carbon-based materials (rGO, CNTs, etc.). These materials favor the dispersion of copper
and ceria, while affecting the reducibility and the population of oxygen vacancies, thus, resulting in
enhanced catalytic performance at low-temperatures [256,281–284]. As for example, the introduction
of rGO resulted in abundant Ce3+ species and oxygen vacancies, offering high catalytic activity at
temperatures below 135 ◦C and good resistance to CO2 and H2O [283].

Interestingly, by combining electronic (alkali promotion) and chemical modification (carbon
nanotubes), highly active multifunctional composites can be obtained. In copper-ceria catalysts
supported on carbon nanotubes (CNTs) with a specific alkali/Cu atomic ratio, i.e., 0.68, the nature
of the alkali metal (Li, Na, K, Cs) has been shown to affect the dispersion of ceria over CNTs and
the copper-ceria interaction [261]. K-promoted CuOx/CeO2 oxides combined with CNTs exhibited
high catalytic activity (T50 ' 109 ◦C as compared to 175 ◦C of un-promoted catalyst), attributed to the
K-induced modification on redox/electronic properties [261].

3.4. Water-Gas Shift Reaction (WGSR)

The water-gas shift reaction (WGSR) plays a key role in the production of pure hydrogen, through
the chemical equilibrium: CO + H2O↔ CO2 + H2. Among the different catalytic systems, copper-ceria
oxides have gained particular attention, due to their low cost and adequate catalytic performance.
Moreover, significant efforts have been put forward towards optimizing the low-temperature WGS
activity by means of the above discussed methodologies. Regarding CuOx/CeO2 catalyzed WGSR, two
main reaction mechanisms have been proposed, namely, the redox and the associative mechanism.
The first one involves the oxidation of adsorbed CO by oxygen originated by H2O dissociation.
The second one involves the reaction of CO with surface hydroxyl groups towards the formation and
subsequent decomposition of various intermediate species, such as formates [161,285].

A thorough study concerning the nature of active species and the role of copper-ceria interface for
the low-temperature WGSR has been recently performed by Chen et al. [285]. It was revealed that the
activity of copper-ceria catalysts is intrinsically related with the Cu+ species present at the interfacial
perimeter, with the CO molecule being adsorbed on the Cu+ sites, while water being dissociatively
activated on the oxygen vacancies of ceria [285,286]. In a similar manner, Flytzani-Stephanopoulos
and co-workers [287] have earlier shown that strongly bound Cu-[Ox]-Ce species, probably associated
with oxygen vacancies of ceria, are the active species for the low-temperature WGSR, whereas, the
weakly bound copper oxide clusters and CuOx nanoparticles act as spectators.

Although the distinct role of copper and ceria and their interaction is not well determined, it is
generally accepted that the activation of H2O, linked to copper-ceria interface and oxygen vacancies, is
the rate-determining step [285]. Therefore, particular attention has been paid to modulate the interfacial
reactivity via the above discussed adjusting approaches. Indicative studies towards modulating the
WGSR performance are summarized in Table 4, and further discussed below.
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Table 4. Indicative studies towards adjusting the WGSR performance of CuO-CeO2 oxides.

Reaction Conditions Adjusted Parameter (Employed Method) Optimum System Maximum CO
Conversion Reference

10.0% CO + 12.0% CO2 + 60.0% H2;
vapor:gas = 1:1; WHSV = 3000 mL g−1 h−1

size/structure
(precipitation) 20 wt.% Cu/CeO2 91.7% at 200 ◦C [206,207]

2.0% CO + 10.0% H2O;
WHSV = 42,000 mL g−1 h−1

size/structure
(bulk-nano interfaces by aerosol-spray method)

inverse CeO2/Cu
CeO2 (2–3 nm) 100% at 350 ◦C [288]

1.0% CO + 3.0% H2O;
WHSV = 200,000 mL g−1 h−1

shape
(microemulsion method) 5.0 wt.% Cu/CeO2-nanospheres 64% at 350 ◦C [136]

10.0% CO + 5.0% CO2 + 10.0% H2O + 7.5%
H2; WHSV = 60,000 mL g−1 h−1

shape
(precipitation method) Cu/CeO2-nanoparticles 49% at 400 ◦C [119]

3.5% CO + 3.5% CO2 + 25.0% H2 + 29.0%
H2O; GHSV = 6000 h−1

shape
(hydrothermal method) 10 wt.% Cu/CeO2-octahedrons 91.3% at 300 ◦C [159]

10.0% CO + 5.0% CO2 + 5.0% H2;
vapor:gas = 1:1; GHSV = 6000 h−1

electronic/chemical state
(doping with cobalt by nanocasting) Cu-Co-CeO2 (weight ratio of Cu:Co:Ce = 1:2:7) 95% at 300 ◦C [289]

10.0% CO + 12.0% CO2 + 60.0% H2;
vapor:gas = 1:1; WHSV = 2337 mL g−1 h−1

electronic/chemical state
(doping with yttrium by co-precipitation)

Y-doped Cu/CeO2
25 wt.% CuO, 2 wt.% Y2O3

93.4% at 250 ◦C [209]

15.0% CO + 6.0% CO2 + 55.0% H2;
vapor:gas = 1:1; GHSV = 4500 h−1

pretreatment
(with 20 CO2/2H2 followed by

calcination in O2)
10 wt.% Cu/CeO2 86% at 350 ◦C [290]

WHSV: Weight hourly space velocity [=] mL g−1 h−1. GHSV: Gas hourly space velocity [=] h−1.



Catalysts 2020, 10, 160 34 of 53

The preparation method can affect various characteristics, such as the specific surface area, the total
pore volume, the dispersion of the active phase or the crystallite size [206,291]. For instance, copper-ceria
catalyst prepared by a hard template method showed higher WGSR activity as compared to the one
prepared by co-precipitation (62 vs. 54% CO conversion at 450 ◦C), due to its larger surface area and
higher CuOx dispersion, while they both exhibited a similar amount of acidic surface sites [291]. Among
CuOx/CeO2 catalysts synthesized by different precipitation methods, the catalysts prepared by stepwise
precipitation showed the highest CO conversion, due to their higher reducibility and oxygen defects [208].
Precipitation was also found to give catalysts with higher WGSR activity, namely, 91.7% CO conversion at
200 ◦C, in comparison with the hydrothermal (82%) or sol-gel methods (64.5%), due to their abundance in
oxygen vacancies, associated with the small CuOx crystals and large pore volume [206].

The precipitating agent used could also exert a significant impact on the physicochemical properties of
CuOx/CeO2 catalysts, with the great implication in the catalytic behavior [207,292]. By employing ammonia
water instead of ammonium and potassium carbonate, the WGSR activity is notably enhanced (91.7% CO
conversion at 200 ◦C in contrast to 78.3% and 46.2%, respectively), due to the better dispersion of copper
species and the stronger copper-ceria interactions [207]. Moreover, the copper precursor compound (nitrate
or ammonium ions) and the preparation temperature can notably affect the WGSR activity [292].

Recently, it was found that the dispersion of differently formed copper structures (particles,
clusters, layers) on ceria of rod-like morphology is dependent on copper loading, with low copper
loadings (1–15 mol.%) exhibiting monolayers and/or bilayers of copper, while a further increase in
copper loading up to 28 mol.% results in faceted copper particles and multi-layers of copper [286].
At copper loadings up to 15 mol.%, a linear relationship between the CO conversion and the copper
content was observed (Figure 21), indicating that the number of the active interfacial sites (Cu+-Vo-Ce3+)
is significantly increased along with Cu content up to 15 mol.% [286].
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The morphological features of both copper and ceria counterparts notably affect the WGSR activity.
In a comprehensive study by Zhang et al. [293], it was reported that Cu cubes exhibit high WGSR
activity in contrast to Cu octahedra with the Cu–Cu suboxide (CuxO, x ≥ 10) interface of Cu(100)
surface being the active sites. In a similar manner, it was shown that ceria nanoshapes (rods, cubes,
octahedra) exhibit different behavior during interaction with CO and H2O, due to their diverse defect
chemistry [294]. Upon CO exposure, ceria nanocubes, exposing {100} planes, favor the formation of
oxygen defects at the expense of the existing anti-Frenkel defects, while in nanorods and nanooctahedra
(exposing mainly {111} planes) both types of defects are formed [294]. By combining Raman and
FTIR results, it was revealed that H2-reduced ceria rods and octahedra could be further reduced in
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CO, resulting in the formation of both defects. In contrast, cubes cannot be further reduced by CO;
thus, oxygen is available to form carbonates and bicarbonates by converting Frenkel defects to oxygen
vacancies [294]. These findings clearly revealed the key role of both copper and ceria nanoshape
on the defect chemistry of individual counterparts. It should be noted, however, that in the binary
copper-ceria system, where multifaceted interactions are taking place, the relationships between shape
effects and catalytic activity can be rather complex, leading to inconsistent conclusions [119,136,159].

Very recently, Yan et al. [288] reported on a novel structural design approach towards optimizing
the WGS activity of CuOx/CeO2 system. In particular, inverse copper-ceria catalysts of high efficiency
were developed through the fabrication of highly stable bulk-nano interfaces under reaction conditions.
Nano-sized ceria particles (2–3 nm) were stabilized on bulk copper resulting in abundant ceria-copper
interfaces [288]. This inverse catalyst showed outstanding WGS conversion (T100 = 350 ◦C), due
to the high amount of interfacial sites and the strong copper-ceria interaction, which facilitated the
dissociation of water and the oxidation of CO [288].

The doping approach has also been employed to enhance the WGSR activity of CuOx/CeO2

system [209,295]. For instance, copper-ceria catalysts doped with 2 wt.% yttrium have shown excellent
WGSR activity and high thermal stability, as yttrium favored the oxygen vacancy formation on
ceria [209]. Recently, Wang et al. [295] performed DFT calculations in order to theoretically investigate
the alkali effect on the WGSR activity of Cu(111) and Cu(110) surfaces. It was found that potassium
enhances the WGSR activity as it favors the dissociation of H2O and induces stronger promotion on the
(111) surface. With regard to other alkali metals (Na, Rb, Cs), the promoting effect on the dissociation
of water differentiates with their electronegativities which induce changes in the work function, i.e., the
lower the work function, the stronger the promoting effect of the alkali [295].

Finally, the WGSR activity and the sintering resistance of the CuOx/CeO2 catalysts can be
further enhanced by improving the metal-support interactions through appropriate pretreatment
protocols [290,296]. As for example, the treatment of CuOx/CeO2 catalyst in a gas mixture of 20CO2/2H2

led to highly active catalysts, due to the electron enrichment of copper atoms via electronic metal-support
interactions [290]. Moreover, ceria pretreatment in different atmosphere (air, vacuum or H2) affected
the WGSR performance of CuOx/CeO2 catalysts, with the H2-pretreated samples exhibiting the highest
conversion performance, due to the strong synergism between the two oxide phases, the small CuOx

particle size, and the high concentration in oxygen vacancies [296].

3.5. CO2 Hydrogenation

The hydrogenation of carbon dioxide to value-added chemicals, such as methanol, has received
considerable attention, in terms of environmental protection and sustainable energy. The significant
role of copper-ceria interfacial sites in the CO2 hydrogenation process has been confirmed by both
theoretical and experimental studies [40,297,298]. In particular, metal-oxide interface plays a key role
in CO2 hydrogenation process, as it could provide the active sites for reactants adsorption, while these
interfacial sites may stabilize the key intermediates [299]. In view of this fact, copper-ceria catalysts have
shown higher selectivity in methanol than their zirconia-supported counterparts, as the copper-ceria
interface favored the dispersion of copper and the oxygen vacancy formation, while the interaction
between copper and ceria led to a decrease in copper particle size [300]. The interfaces between the
defective CeO2-x and the highly dispersed Cu+/Cu0 species are considered the active sites for methanol
synthesis in the case of CuOx/CeO2 system [301]. Furthermore, the different metal-support interactions
between the two catalysts resulted in different reaction intermediates, namely, carbonates for the
CuOx/CeO2 catalysts and bicarbonates for the zirconia-supported ones, thus, resulting in different
selectivity, with the copper-zirconia composites being highly selective in CO [300].

In view of the above aspects, the fine-tuning of the metal-support interface could lead to highly
active and selective catalysts. Indicative studies towards adjusting the CO2 conversion to methanol
under similar reaction conditions are summarized in Table 5, and further discussed below.



Catalysts 2020, 10, 160 36 of 53

Table 5. Indicative studies towards adjusting the CO2 conversion to methanol of CuOx/CeO2 oxides.

Reaction Conditions Adjusted Parameter (Employed Method) Optimum System CO2 Conversion (Methanol
Rate or Selectivity) at 260 ◦C Reference

CO2:H2 = 1:3;
P = 3.0 MPa;

GHSV = 1200 h−1

electronic/chemical state
(doping with zinc and dispersion in SBA-15 by

incipient wetness impregnation)
Cu0.5Zn0.4Ce0.1/SBA-15 6.5% (33.6 mg g−1 h−1) [302]

CO2:H2 = 1:3;
P = 3.0 MPa;

WHSV = 14,400 mL g−1 h−1

electronic/chemical state
(doping with alumina by co-precipitation) 60 wt.% Cu/AlCeO 17.0% (11.9 mmol g−1 h−1) [303]

CO2:H2 = 1:3;
P = 3.0 MPa;

GHSV = 6000 h−1

electronic/chemical state/shape
(doping with Ni-Cu by impregnation)

CuNi2/CeO2-nanotubes
Ni/(Cu+Ni) = 2/3 17.8% (18.1 mmol g−1 h−1) [304]

CO2:H2 = 1:3;
P = 3.0 MPa;

GHSV = 6000 h−1

electronic/chemical state/shape
(doping with Ni-Cu by impregnation)

CuNi2/CeO2-nanorods
10 wt.% Cu and Ni 18.35% (73.33%) [305]

CO2:H2 = 1:3;
P = 2.0 MPa;

WHSV = 3000 mL g−1 h−1

shape
(hydrothermal method) 5.0 wt.% Cu/CeO2-nanorods 2.5% (71.0%) [131]

WHSV: Weight hourly space velocity [=] mL g−1 h−1; GHSV: Gas hourly space velocity [=] h−1.
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The activity and selectivity of the CuOx/CeO2 catalysts for methanol synthesis are greatly affected
by the support morphology. Copper-ceria nanorods exposing {100} and {110} crystal planes exhibited
the highest methanol yield (Table 5) as compared to nanocubes and nanoparticles, due to the strong
interaction between the two oxide phases and the high copper dispersion [131]. Copper-ceria nanorods
were also found to be more active than nanocubes, while exhibiting similar conversion performance
with the nanoparticles, for carbonate (diethyl) hydrogenation [147].

In a similar manner, CuOx/CeO2 catalysts led, mainly, to the production of CO at atmospheric
pressures through the RWGS reaction, with the nanorod-shaped catalyst exhibiting higher CO2

conversion (~50% at 450 ◦C) as compared to nanospheres (~40% at 450 ◦C), revealing the structure
dependence of the RWGS [137]. The active intermediates are preferably formed on the {110} ceria
exposed surface of the rod-like morphology, resulting in high catalytic performance [137].

Copper-ceria nanorods of various copper loadings were also investigated in the hydrogenation
of carbonate to methanol, with the catalysts of ca. 20 wt.% Cu content exhibiting superior catalytic
performance [306]. The copper content can significantly affect the mole fraction of Ce3+ and Cu+

species (Figure 22), and in turn, the methanol yield [306].
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In addition, a space-confined synthetic approach was applied for the synthesis of highly dispersed
copper-ceria catalysts for RWGS, offering 100% CO selectivity at 300 ◦C and ambient pressure [307].
The enhanced catalytic performance was ascribed to the abundance in interfaces formed among the
highly dispersed copper nanoparticles and the Ce3+ species, thus, favoring H2 spillover [307].

The controlled synthesis of multicomponent systems could also be an effective approach for highly
active and selective hydrogenation catalysts (e.g., [302–305,308]). For instance, the ternary composite
consisting of Cu, ZnO, CeOx, supported on SBA-15 exhibited high catalytic activity for methanol
synthesis (Table 5), due to the peculiar synergistic effects between the different counterparts [302].
Copper was considered to be the active site for hydrogen activation, while ZnO and CeOx oxides
facilitated the CO2 adsorption and hydrogen spillover on the interfacial sites [302]. In a similar
manner, the introduction of alumina to ceria carrier (Cu/AlCe) led to highly active composites (Table 5),
mainly ascribed to the high copper dispersion [303]. Interestingly, highly active and selective CO2

hydrogenation catalysts can be obtained by co-adjusting the composition, structure and shape, in line
with the fine-tuning methodology herein proposed (Figures 2 and 3). In this perspective, bimetallic
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composites (Cu-Ni) incorporated into ceria nanoparticles of specific morphology (e.g., nanotubes,
nanorods) could lead to highly active composites for the CO2 hydrogenation to methanol (Table 5).
The enhanced catalytic performance of Cu-Ni/CeO2 nanoshaped catalysts was mainly interpreted on
the basis of the synergistic interaction between Cu and Ni as well as of that between the ceria carrier
and Cu-Ni alloy [304,305]. Similarly, the bimetallic Cu-Fe/CeO2 catalyst has shown enhanced stability
in the high-temperature RWGS due mainly to the fact that iron oxide clusters (FeOx) highly dispersed
over ceria act as textural promoters [308]. Finally, copper nanocrystals encapsulated in Zr-based MOFs
demonstrated high activity and selectivity for CO2 hydrogenation to methanol, outperforming the
benchmark Cu/ZnO/Al2O3 catalyst [197].

4. Outlook and Challenges

In the present review, the copper-ceria binary system has been employed as a reference system to
reveal the different approaches that can be followed to modulate the local surface chemistry, and in
turn, the catalytic performance of metal oxides (MOs), by means of size, shape and electronic/chemical
functionalization. More importantly, the fine-tuning of the above-mentioned parameters can affect
not only the reactivity of metal sites in its own right, but also the interfacial activity (e.g., through the
formation of oxygen vacancies, facilitation of redox interplay between the different counterparts, etc.)
offering a synergistic contribution towards the development of NMs-free highly active and selective
composites for several energy and environmental applications.

For instance, the employment of appropriate synthetic routes, such as the hydrothermal method,
leads to the development of nanoparticles with specific morphologies, exposing distinct crystal facets
of different coordination environments, with great implications in catalysis. Moreover, particles
size/shape engineering strongly affects the interfacial reactivity through both geometric and electronic
interactions, offering metal oxide systems with the desired properties. In addition, special pretreatment
protocols or activation procedures can notably affect the metal dispersion and the population of oxygen
defects, with great consequences in the catalytic efficiency. In view of the above, the fine tuning of
metal oxides by combining bulk and nano effects or by adjusting the coordination environment could
lead to highly efficient catalysts.

Besides the modulation of local surface chemistry by means of size and shape engineering, the
electronic/chemical modification (e.g., alkali promotion, incorporation of rGO or g-C3N4, employment
of MOFs) can be adopted as an additional functionalization tool to regulate the electronic environment
and the oxygen exchange kinetics of MOs.

In view of the above aspects, highly active composites, with a comparable or even better
performance than that of NMs, have been developed for various processes, such as CO oxidation,
N2O decomposition, preferential oxidation of CO, among others. As for example, the combination of
precipitation method with alkali promotion can lead to highly active and oxygen-tolerant CuOx/CeO2

catalysts for N2O decomposition. On the other hand, the modulation of ceria support morphology
(nanorods) by the hydrothermal method resulted in CuOx/CeO2 composites with superior CO oxidation
performance, even better to that of Pt-based catalysts. More importantly, the co-adjustment of different
parameters (e.g., the shape of individual counterparts along with the electronic state of metal entities)
could lead not only to distinct reactivity of each counterpart, but also to different synergistic interactions,
offering mixed metal oxides of unique features. Hence, metal oxides appropriately adjusted by means
of suitable synthetic and electronic/chemical modification routes could provide the materials platform
for real-life energy and environmental applications.

Another approach towards the fine-tuning of metal oxides could be the employment of
computational studies (e.g., DFT calculations) prior to the synthesis of the catalysts, providing,
thus, the required feedback that would lead to the focused functionalization of specific parameters.
This combinatorial theoretical and experimental approach could result in specific composites with
predefined characteristics, while it would save precious time during experimental trials.
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Last, but not least, the conclusions drawn from the present survey can provide the design principles
for the development of low-loading NMs-based catalysts, paving the way for the decrease of noble
metals content in energy and environmental applications in which their use is inevitable. In any case,
the fundamental understanding of structure-property relationships is a prerequisite factor towards the
rational design of efficient and inexpensive catalytic composites.
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146. Zabilskiy, M.; Djinović, P.; Tchernychova, E.; Tkachenko, O.P.; Kustov, L.M.; Pintar, A. Nanoshaped
CuO/CeO2 Materials: Effect of the Exposed Ceria Surfaces on Catalytic Activity in N2O Decomposition
Reaction. ACS Catal. 2015, 5, 5357–5365. [CrossRef]

147. Cui, Y.; Dai, W.-L. Support morphology and crystal plane effect of Cu/CeO2 nanomaterial on the physicochemical
and catalytic properties for carbonate hydrogenation. Catal. Sci. Technol. 2016, 6, 7752–7762. [CrossRef]

148. Liu, L.; Yao, Z.; Deng, Y.; Gao, F.; Liu, B.; Dong, L. Morphology and Crystal-Plane Effects of Nanoscale Ceria
on the Activity of CuO/CeO2 for NO Reduction by CO. ChemCatChem 2011, 3, 978–989. [CrossRef]

149. López, J.M.; Gilbank, A.L.; García, T.; Solsona, B.; Agouram, S.; Torrente-Murciano, L. The prevalence of
surface oxygen vacancies over the mobility of bulk oxygen in nanostructured ceria for the total toluene
oxidation. Appl. Catal. B Environ. 2015, 174–175, 403–412. [CrossRef]

150. Araiza, D.G.; Gómez-Cortés, A.; Díaz, G. Reactivity of methanol over copper supported on well-shaped
CeO2: A TPD-DRIFTS study. Catal. Sci. Technol. 2017, 7, 5224–5235. [CrossRef]

151. Sudarsanam, P.; Hillary, B.; Amin, M.H.; Rockstroh, N.; Bentrup, U.; Brückner, A.; Bhargava, S.K.
Heterostructured Copper-Ceria and Iron-Ceria Nanorods: Role of Morphology, Redox, and Acid Properties
in Catalytic Diesel Soot Combustion. Langmuir 2018, 34, 2663–2673. [CrossRef]

152. Piumetti, M.; Bensaid, S.; Russo, N.; Fino, D. Nanostructured ceria-based catalysts for soot combustion:
Investigations on the surface sensitivity. Appl. Catal. B Environ. 2015, 165, 742–751. [CrossRef]

153. Wang, S.; Zhao, L.; Wang, W.; Zhao, Y.; Zhang, G.; Ma, X.; Gong, J. Morphology control of ceria nanocrystals
for catalytic conversion of CO2 with methanol. Nanoscale 2013, 5, 5582–5588. [CrossRef]

154. Wu, Z.; Li, M.; Overbury, S.H. On the structure dependence of CO oxidation over CeO2 nanocrystals with
well-defined surface planes. J. Catal. 2012, 285, 61–73. [CrossRef]

155. Kovacevic, M.; Mojet, B.L.; Van Ommen, J.G.; Lefferts, L. Effects of Morphology of Cerium Oxide Catalysts
for Reverse Water Gas Shift Reaction. Catal. Lett. 2016, 146, 770–777. [CrossRef]

156. Piumetti, M.; Andana, T.; Bensaid, S.; Russo, N.; Fino, D.; Pirone, R. Study on the CO Oxidation over
Ceria-Based Nanocatalysts. Nanoscale Res. Lett. 2016, 11, 165. [CrossRef] [PubMed]

157. Guo, X.; Zhou, R. A new insight into the morphology effect of ceria on CuO/CeO2 catalysts for CO selective
oxidation in hydrogen-rich gas. Catal. Sci. Technol. 2016, 6, 3862–3871. [CrossRef]

158. Mock, S.A.; Sharp, S.E.; Stoner, T.R.; Radetic, M.J.; Zell, E.T.; Wang, R. CeO2 nanorods-supported transition
metal catalysts for CO oxidation. J. Colloid Interface Sci. 2016, 466, 261–267. [CrossRef]

159. Ren, Z.; Peng, F.; Li, J.; Liang, X.; Chen, B. Morphology-Dependent Properties of Cu/CeO2 Catalysts for the
Water-Gas Shift Reaction. Catalysts 2017, 7, 48. [CrossRef]

160. Li, Y.; Wei, Z.; Gao, F.; Kovarik, L.; Peden, C.H.F.; Wang, Y. Effects of CeO2 support facets on VOx/CeO2

catalysts in oxidative dehydrogenation of methanol. J. Catal. 2014, 315, 15–24. [CrossRef]
161. Mudiyanselage, K.; Senanayake, S.D.; Feria, L.; Kundu, S.; Baber, A.E.; Graciani, J.; Vidal, A.B.; Agnoli, S.;

Evans, J.; Chang, R.; et al. Importance of the Metal-Oxide Interface in Catalysis: In Situ Studies of the
Water-Gas Shift Reaction by Ambient-Pressure X-ray Photoelectron Spectroscopy. Angew. Chem. Int. Ed.
2013, 52, 5101–5105. [CrossRef]

162. Mayernick, A.D.; Janik, M.J. Methane Activation and Oxygen Vacancy Formation over CeO2 and Zr, Pd
Substituted CeO2 Surfaces. J. Phys. Chem. C 2008, 112, 14955–14964. [CrossRef]

163. Nolan, M.; Grigoleit, S.; Sayle, D.C.; Parker, S.C.; Watson, G.W. Density functional theory studies of the
structure and electronic structure of pure and defective low index surfaces of ceria. Surf. Sci. 2005, 576,
217–229. [CrossRef]

164. Nolan, M.; Parker, S.C.; Watson, G.W. The electronic structure of oxygen vacancy defects at the low index
surfaces of ceria. Surf. Sci. 2005, 595, 223–232. [CrossRef]

165. Sayle, T.X.T.; Parker, S.C.; Sayle, D.C. Oxidising CO to CO2 using ceria nanoparticles. Phys. Chem. Chem. Phys.
2005, 7, 2936–2941. [CrossRef] [PubMed]

166. Sayle, T.X.T.; Cantoni, M.; Bhatta, U.M.; Parker, S.C.; Hall, S.R.; Möbus, G.; Molinari, M.; Reid, D.; Seal, S.;
Sayle, D.C. Strain and Architecture-Tuned Reactivity in Ceria Nanostructures; Enhanced Catalytic Oxidation
of CO to CO2. Chem. Mater. 2012, 24, 1811–1821. [CrossRef]

167. Spencer, N.D.; Schoonmaker, R.C.; Somorjai, G.A. Iron Single Crystals as Ammonia Synthesis Catalysts:
Effect of Surface Structure on Catalyst Activity. J. Catal. 1982, 74, 129–135. [CrossRef]

http://dx.doi.org/10.1016/j.surfrep.2015.01.001
http://dx.doi.org/10.1021/acscatal.5b01044
http://dx.doi.org/10.1039/C6CY01575A
http://dx.doi.org/10.1002/cctc.201000320
http://dx.doi.org/10.1016/j.apcatb.2015.03.017
http://dx.doi.org/10.1039/C7CY00984D
http://dx.doi.org/10.1021/acs.langmuir.7b03998
http://dx.doi.org/10.1016/j.apcatb.2014.10.062
http://dx.doi.org/10.1039/c3nr00831b
http://dx.doi.org/10.1016/j.jcat.2011.09.011
http://dx.doi.org/10.1007/s10562-016-1697-6
http://dx.doi.org/10.1186/s11671-016-1375-z
http://www.ncbi.nlm.nih.gov/pubmed/27009532
http://dx.doi.org/10.1039/C5CY01816A
http://dx.doi.org/10.1016/j.jcis.2015.12.026
http://dx.doi.org/10.3390/catal7020048
http://dx.doi.org/10.1016/j.jcat.2014.04.013
http://dx.doi.org/10.1002/anie.201210077
http://dx.doi.org/10.1021/jp805134s
http://dx.doi.org/10.1016/j.susc.2004.12.016
http://dx.doi.org/10.1016/j.susc.2005.08.015
http://dx.doi.org/10.1039/b506359k
http://www.ncbi.nlm.nih.gov/pubmed/16189614
http://dx.doi.org/10.1021/cm3003436
http://dx.doi.org/10.1016/0021-9517(82)90016-1


Catalysts 2020, 10, 160 47 of 53

168. Xie, S.; Choi, S.-I.; Xia, X.; Xia, Y. Catalysis on faceted noble-metal nanocrystals: both shape and size matter.
Curr. Opin. Chem. Eng. 2013, 2, 142–150. [CrossRef]

169. Zhai, Y.; Pierre, D.; Si, R.; Deng, W.; Ferrin, P.; Nilekar, A.U.; Peng, G.; Herron, J.A.; Bell, D.C.; Saltsburg, H.;
et al. Alkali-Stabilized Pt-OHx Species Catalyze Low-Temperature Water-Gas Shift Reactions. Science 2010,
329, 1633–1636. [CrossRef] [PubMed]

170. Stakheev, A.Y.; Kustov, L.M. Effects of the support on the morphology and electronic properties of supported
metal clusters: modern concepts and progress in 1990s. Appl. Catal. A Gen. 1999, 188, 3–35. [CrossRef]

171. Lee, D.W.; Yoo, B.R. Advanced metal oxide (supported) catalysts: Synthesis and applications. J. Ind.
Eng. Chem. 2014, 20, 3947–3959. [CrossRef]

172. Yentekakis, I.V.; Konsolakis, M.; Lambert, R.M.; MacLeod, N.; Nalbantian, L. Extraordinarily effective
promotion by sodium in emission control catalysis: NO reduction by propene over Na-promoted Pt/γ-Al2O3.
Appl. Catal. B Environ. 1999, 22, 123–133. [CrossRef]

173. Konsolakis, M.; Vrontaki, M.; Avgouropoulos, G.; Ioannides, T.; Yentekakis, I.V. Novel doubly-promoted
catalysts for the lean NOx reduction by H2 + CO: Pd(K)/Al2O3-(TiO2). Appl. Catal. B Environ. 2006, 68, 59–67.
[CrossRef]

174. Konsolakis, M.; Aligizou, F.; Goula, G.; Yentekakis, I.V. N2O decomposition over doubly-promoted
Pt(K)/Al2O3-(CeO2-La2O3) structured catalysts: On the combined effects of promotion and feed composition.
Chem. Eng. J. 2013, 230, 286–295. [CrossRef]

175. Janek, J.C.G.; Vayenas, S.; Bebelis, C.; Pliangos, S.; Brosda, D. Tsiplakides: Electrochemical activation of
catalysis: promotion, electrochemical promotion, and metal-support interaction. J. Solid State Electrochem.
2002, 7, 60–61. [CrossRef]

176. De Lucas-Consuegra, A. New Trends of Alkali Promotion in Heterogeneous Catalysis: Electrochemical
Promotion with Alkaline Ionic Conductors. Catal. Surv. Asia 2015, 19, 25–37. [CrossRef]

177. Ertl, G.; Knözinger, H.; Weitkamp, J. Handbook of Heterogeneous Catalysis; VCH Verlagsgesellschaft mbH:
Weinheim, Germany, 1997; ISBN 9783527619474.

178. Stelmachowski, P.; Maniak, G.; Kotarba, A.; Sojka, Z. Strong electronic promotion of Co3O4 towards N2O
decomposition by surface alkali dopants. Catal. Commun. 2009, 10, 1062–1065. [CrossRef]

179. Zasada, F.; Stelmachowski, P.; Maniak, G.; Paul, J.-F.; Kotarba, A.; Sojka, Z. Potassium Promotion of Cobalt
Spinel Catalyst for N2O Decomposition-Accounted by Work Function Measurements and DFT Modelling.
Catal. Lett. 2009, 127, 126–131. [CrossRef]

180. Kiskinova, M.P. Chapter 7—Theoretical Approaches to the Description of the Modifier Effects. In Book
Studies in Surface Science and Catalysis—Poisoning and Promotion in Catalysis based on Surface Science Concepts
and Experiments, 1st ed.; Kiskinova, M.P., Delmon, B., Yates, J.T., Eds.; Elsevier Science Publishers B.V.:
Amsterdam, The Netherlands, 1991; Volume 70, pp. 285–307. [CrossRef]

181. Kiskinova, M.P. Chapter 4—Interaction of Atomic Adsorbates, Acting As Promoters Or Poisons With Single
Crystal Metal Surfaces. In Book Studies in Surface Science and Catalysis—Poisoning and Promotion in Catalysis
Based on Surface Science Concepts and Experiments, 1st ed.; Kiskinova, M.P., Delmon, B., Yates, J.T., Eds.; Elsevier
Science Publishers B.V.: Amsterdam, The Netherlands, 1991; Volume 70, pp. 19–68. [CrossRef]

182. Huo, C.-F.; Wu, B.-S.; Gao, P.; Yang, Y.; Li, Y.-W.; Jiao, H. The Mechanism of Potassium Promoter: Enhancing
the Stability of Active Surfaces. Angew. Chem. Int. Ed. 2011, 50, 7403–7406. [CrossRef]

183. Besenbacher, F.; Chorkendorff, I.; Clausen, B.S.; Hammer, B.; Molenbroek, A.M.; Nørskov, J.K.; Stensgaard, I.
Design of a Surface Alloy Catalyst for Steam Reforming. Science 1998, 279, 1913–1915. [CrossRef]

184. Lamy, C.; Belgsir, E.M.; Léger, J.-M. Electrocatalytic oxidation of aliphatic alcohols: Application to the direct
alcohol fuel cell (DAFC). J. Appl. Electrochem. 2001, 31, 799–809. [CrossRef]

185. Liang, Y.N.; Oh, W.-D.; Li, Y.; Hu, X. Nanocarbons as platforms for developing novel catalytic composites:
overview and prospects. Appl. Catal. A Gen. 2018, 562, 94–105. [CrossRef]

186. Chen, W.; Fan, Z.; Pan, X.; Bao, X. Effect of Confinement in Carbon Nanotubes on the Activity of
Fischer-Tropsch Iron Catalyst. J. Am. Chem. Soc. 2008, 130, 9414–9419. [CrossRef]

187. Geim, A.K.; Grigorieva, I.V. Van der Waals heterostructures. Nature 2013, 499, 419–425. [CrossRef]
188. Fu, Q.; Bao, X. Catalysis on a metal surface with a graphitic cover. Chin. J. Catal. 2015, 36, 517–519. [CrossRef]
189. Ania, C.O.; Seredych, M.; Rodriguez-Castellon, E.; Bandosz, T.J. New copper/GO based material as an efficient

oxygen reduction catalyst in an alkaline medium: The role of unique Cu/rGO architecture. Appl. Catal. B
Environ. 2015, 163, 424–435. [CrossRef]

http://dx.doi.org/10.1016/j.coche.2013.02.003
http://dx.doi.org/10.1126/science.1192449
http://www.ncbi.nlm.nih.gov/pubmed/20929844
http://dx.doi.org/10.1016/S0926-860X(99)00232-X
http://dx.doi.org/10.1016/j.jiec.2014.08.004
http://dx.doi.org/10.1016/S0926-3373(99)00042-9
http://dx.doi.org/10.1016/j.apcatb.2006.07.011
http://dx.doi.org/10.1016/j.cej.2013.06.083
http://dx.doi.org/10.1007/s10008-002-0305-4
http://dx.doi.org/10.1007/s10563-014-9179-6
http://dx.doi.org/10.1016/j.catcom.2008.12.057
http://dx.doi.org/10.1007/s10562-008-9655-6
http://dx.doi.org/10.1016/S0167-2991(08)61529-3
http://dx.doi.org/10.1016/S0167-2991(08)61526-8
http://dx.doi.org/10.1002/anie.201007484
http://dx.doi.org/10.1126/science.279.5358.1913
http://dx.doi.org/10.1023/A:1017587310150
http://dx.doi.org/10.1016/j.apcata.2018.05.021
http://dx.doi.org/10.1021/ja8008192
http://dx.doi.org/10.1038/nature12385
http://dx.doi.org/10.1016/S1872-2067(15)60828-2
http://dx.doi.org/10.1016/j.apcatb.2014.08.022


Catalysts 2020, 10, 160 48 of 53

190. Safaei, M.; Foroughi, M.M.; Ebrahimpoor, N.; Jahani, S.; Omidi, A.; Khatami, M. A review on metal-organic
frameworks: Synthesis and applications. TrAC Trends Anal. Chem. 2019, 118, 401–425. [CrossRef]

191. Wang, Y.; Yang, Y.; Liu, N.; Wang, Y.; Zhang, X. Sword-like CuO/CeO2 composites derived from a Ce-BTC
metal-organic framework with superior CO oxidation performance. RSC Adv. 2018, 8, 33096–33102.
[CrossRef]

192. Yang, Q.; Xu, Q.; Jiang, H.-L. Metal-organic frameworks meet metal nanoparticles: synergistic effect for
enhanced catalysis. Chem. Soc. Rev. 2017, 46, 4774–4808. [CrossRef] [PubMed]

193. Chen, L.; Chen, H.; Luque, R.; Li, Y. Metal−organic framework encapsulated Pd nanoparticles: towards
advanced heterogeneous catalysts. Chem. Sci. 2014, 5, 3708–3714. [CrossRef]

194. Chen, L.; Xu, Q. Metal-Organic Framework Composites for Catalysis. Matter 2019, 1, 57–89. [CrossRef]
195. Li, P.-Z.; Aranishi, K.; Xu, Q. ZIF-8 immobilized nickel nanoparticles: highly effective catalysts for hydrogen

generation from hydrolysis of ammonia borane. Chem. Commun. 2012, 48, 3173–3175. [CrossRef]
196. Abdel-Mageed, A.M.; Rungtaweevoranit, B.; Parlinska-Wojtan, M.; Pei, X.; Yaghi, O.M.; Jürgen Behm, R.

Highly Active and Stable Single-Atom Cu Catalysts Supported by a Metal-Organic Framework. J. Am.
Chem. Soc. 2019, 141, 5201–5210. [CrossRef]

197. Rungtaweevoranit, B.; Baek, J.; Araujo, J.R.; Archanjo, B.S.; Choi, K.M.; Yaghi, O.M.; Somorjai, G.A. Copper
Nanocrystals Encapsulated in Zr-based Metal-Organic Frameworks for Highly Selective CO2 Hydrogenation
to Methanol. Nano Lett. 2016, 16, 7645–7649. [CrossRef]

198. Ye, J.-Y.; Liu, C.-J. Cu3(BTC)2: CO oxidation over MOF based catalysts. Chem. Commun. 2011, 47, 2167–2169.
[CrossRef] [PubMed]

199. Li, X.; Goh, T.W.; Li, L.; Xiao, C.; Guo, Z.; Zeng, X.C.; Huang, W. Controlling Catalytic Properties of Pd
Nanoclusters through Their Chemical Environment at the Atomic Level Using Isoreticular Metal-Organic
Frameworks. ACS Catal. 2016, 6, 3461–3468. [CrossRef]

200. Lawrence, N.J.; Brewer, J.R.; Wang, L.; Wu, T.-S.; Wells-Kingsbury, J.; Ihrig, M.M.; Wang, G.; Soo, Y.-L.;
Mei, W.-N.; Cheung, C.L. Defect Engineering in Cubic Cerium Oxide Nanostructures for Catalytic Oxidation.
Nano Lett. 2011, 11, 2666–2671. [CrossRef] [PubMed]

201. Mock, S.A.; Zell, E.T.; Hossain, S.T.; Wang, R. Effect of Reduction Treatment on CO Oxidation with CeO2

Nanorod-Supported CuOx Catalysts. ChemCatChem 2018, 10, 311–319. [CrossRef]
202. Lin, B.; Qi, Y.; Wei, K.; Lin, J. Effect of pretreatment on ceria-supported cobalt catalyst for ammonia synthesis.

RSC Adv. 2014, 4, 38093–38102. [CrossRef]
203. Ren, Y.; Tang, K.; Wei, J.; Yang, H.; Wei, H.; Yang, Y. Pretreatment Effect on Ceria-Supported Gold Nanocatalysts

for CO Oxidation: Importance of the Gold–Ceria Interaction. Energy Technol. 2018, 6, 379–390. [CrossRef]
204. Gawande, M.B.; Goswami, A.; Felpin, F.-X.; Asefa, T.; Huang, X.; Silva, R.; Zou, X.; Zboril, R.; Varma, R.S.

Cu and Cu-Based Nanoparticles: Synthesis and Applications in Catalysis. Chem. Rev. 2016, 116, 3722–3811.
[CrossRef]
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