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Engineering, Technical University of Crete
U Laboratory of Catalysis and MatdddLCM), Associate Laboratory LEREI, Faculty
of Engineering, University of Porto
U Chemical Process & Energy Resources Institute (CPERI), Centre for Research &
Technology Hellas (CERTH)
U Institute of Electronic Structure and Laser (IESL), FORTH
U Departmentof Mechanical Engineering, University of Western Macedonia
U Laboratory of Chemistry and Materials Technology, General (Core) Department,

National and Kapodistriadniversity of Atlens.

In the framework of the two research projects mentioned above (LIGBASOFC and
NANOCO2j}he following doctoral theses have beeanducted

1. "Synthesis and Characterization of CeBased Nand (i NHzOG dzZNBR al G4SNRA LI f &Y
Activity Relationships by Maria Lykaki

Supervisor: Associate Professor Michalis Konsolakis

2. "Rational Design and Development of Nanostructured NBrecious Metal Oxide
Catalysts for Energy and Environmental Applicatidhy Sofia Stefa

Supervisor: Associate Professor Michalis Konsolakis

3. "Design and Evaluation of Advanced GdBased Transitin Metal Catalytic Composites
for CQ Activation by Renewable Ftoward Chemicals and Fuél®y Georgios Varvoutis

Supervisor: Profess@eorgios E. Marnellos

In this point, it should be mentioned that the aforementioned doctoral theses are
interrelated and complementary to one anotherug to the collaborative nature and the
scientific objectivesof the research projects LIGBIGASOFC (project code: T1HIDR94)

and NANOCO#®project code: TIEDBD094) In thisregard, some characterization results
obtainedby PhD Candidat&ofia Stefa and some catalytic results obtained by PhD Candidate
Georgios Varvoutiare cited invariouschapters of the present thesis in a wd#fined and

distinctive manner.
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SHORRABSTRACT

Therational designand developmentof highly-active and costefficient catalystsfor energy

and environmental applications constitutesthe main research pillar in the area of
heterogeneous catalysis. In this peestive, the present thesis aimat the fine-tuning of

noble metal(NMs)}free metal oxide catalysts, such as cdy@sed transition metal catalysts
(M,O/CeQ, where M stands for Cu, Co, Fe, W) means of advanced synthetic and/or
promotional routes. It vas clearly revealed that thedjustmentof size, shape and electronic
state of ceriabased metal oxides (MOsan exert a profound influencen the reactivity of

metal sitesas well ason metalsupport interfacial activitypffering extremely active and
stable materialdor various applications, such &0 oxidation, p0 decompositiorand CQ
hydrogenation to valuedded products

In the framework of the present thesis, the effect of the preparation method (thermal
decomposition, precipitation, hydrothermialon the solid state properties and the CO
oxidation performance of bare ceria nanoparticles was initially investigated. The superiority
of the hydrothermal method towards the development of ceria nanopatrticles of high specific
surface area (> 90 frg '), welldefined morphology and enhanced redox properties was
clearly disclosed. Interestingly, a direqantitative relationshipwas establishedetween

the catalytic activity and the abundanoéweakly bound labile oxygen species

Driven by the aforerantioned results, our research efforts were next focused on the
hydrothermal synthesis of ceria nanoparticles of specific morphology,nanorods (NR),
nanopolyhedra (NP), nanocubes (NC). Then, the different ceria nanostructures were at first
used as spiporting carrierdor Cu and Fe active phases in order to gain insight into the effect
of ceria shape on the structural defects, the surface chemistry and consequently on the CO
oxidation performance. The superiority of the retlaped samples, exposing tfi00}/{110}
crystal facets, was once more revealed, as they exhibited enhanced reducibility and oxygen
exchange kinetics, linked to synergistic metapport interactions. Théey role of ceria
morphology on the reducibility and oxygen mobility, followthg sequenceNR> NP > NC,

was revealed without however being affected bythe addition of the metal phase
demonstrating the pivotal role of support morpholagy perfect relationship between the
catalytic performance and the following parameters waschtised, on the basis ofMars

van Krevelen mechanism: i) abundance of weakly bound oxygen species, ii) relative
population of Cl/Ce* redox pairs, iii) relative abundance of defects and oxygen vacancies.
Next, the impact of support morphology and alkatbomotion was explored towards the

development of highly active catalysts fopONdecomposition. In particular, the effect of



ceria morphology on the physicochemical properties and th® Mecomposition (dejD)
performance of cobalteria mixed oxides wasxplored. Cobalteria nanorods exhibited the
best catalytic behaviou¢100% MO conversion at 506C) due totheir abundance in Co
active sitesand Cé&" species in conjunction ttheir improved reducibility, oxygen kinetics
and surface area.

Towards tlke rational design of highly active catalytic composités finetuning of local
surface chemistry of CCeQ mixed oxides by means of synthesis procedame alkali(Cs)
promotion was nextinvestigated.It was found that the capptimization of the synthsis
procedure (ceprecipitation) andalkali loading (1.0 at Cs per fncan boost thedeN,O
performance and resistance to Oinhibition. The superiority of CGdoped sampleswas
mainly ascribed tothe electronic effect of alkali promoter towards the stabdtion of
partially reduced CUCe® pairs, whichplay a key role in the del® process following a
redoxtype mechanism.

In the sequencethe combinedeffect of ceria morphologyand active phase naturen the
physicochemicalproperties and the CQ@ hydrogeration performance overceriabased
transition metalcatalysts(M/CeQ, M: Fe, Co, Cu, Nijasinvestigated Independently of the
support morphology the conversionof CQ followed the order Ni/CeQ > Co/Ce@ >
Cu/Ce@ > Fe/Ce®> Ce@. Also, it ought to b mentioned that bare ceria, Cu/Ce@nd
Fe/CeQ samples were veractive andselective for CO production, whereas Co/Ga@d
Ni/CeQ catalysts weréighlyactive andselective towards methangCH).

Through the present thesis, the pivotal role of suppmdrphology and alkali promotion on
the solid state properties, metaupport interactions and in turn, on the catalytic
performance of ceridbased mixed oxides was unambiguously revealed.

More importantly, the finetuning ofsize, shape and electronic sacannotably affect not
only the reactivity of metal sites but also the interfa@ativity €.g, through the formation

of oxygen vacancies and tHfecilitation of redox interplay betweerthe metal and the
suppor) offering a synergistic contributionowards the development ohighly active
composites Through the proposed optimization approach extremely active and- cost
efficient catalytic materials were obtained for CO oxidatiop® Nlecomposition and GO
hydrogenation reactions, being among the mostiee reported so far in open literature.
The general optimization framework followed in the present thesis can provide the design
principles towards the development of earttbundant metal oxides for various energy and
environmental applications pavingsal the way for the decrease of noble metals content in

NMsbased catalysts.
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EXTENDED SYNOPSIS & THESIS STUCTURE

Ceria or cerium oxide (CgOconstitutes a broadly atlied material in the field of
heterogeneous catalysis due to its unique redox properties which mainly arise from its
ability to store or release oxygen depending on the reaction environmexidiging or
reducing). During thé80s, cerigs successful uidation in threeway catalytic converters
paved the way for its subsequent use in various energy and environmental applications,
involving, among others, the fuel cell technology, the catalytic abatement of volatile organic
compounds (VOCs), the catalytiecomposition of nitrogen oxides (NOXx) or nitrous oxide
(N;O), etc.

Moreover, metal oxides, composed of eartibundant transition metals have gained
particular attention towards replacing the rare amighly expensivaioble metals. In this
context, by comiming ceria with earttabundant and coseffective transition metals, such

as Cu, Co, Ni, Fe, the physicochemical properties of theregmred materials can be
significantly modified through the synergistic metaupport interactions, with great
implications in the catalytic performance. However, various interrelated factors, including
shape, size, composition, chemical state, electronic environment can considerably affect the
local surface chemistry of the metal oxides as well as the rsefaport interactions with
great consequences on the macroscopic catalytic behaviour of these multifunctional
materials. Furthermore, it is worth mentioning that the materials in the nanoscale exhibit
distinct features originated from the electronic interactions develdpamong the
nanopatrticles, thus modifying their surface properties and catalytic performance.

Towards the development of nanostructured catalytic systems with predefined surface
chemistry, research efforts have focused lately on two diverse approache# wait be
applied independently or synergistically: (i) the advanced synthetic methods towards the
development of nanomaterials with predefined morphology, (ii) the appropriate adjustment
(fine-tuning) of the catalystsinherent properties through surface nd/or structural
promotion.

In light of the above aspects, the objective of the present thesis is the development of noble
metakfree nanostructured ceridased transition metal catalysts, in the form of®¥CeQ,
(hereafter denoted as M/CeQor claritys sake, where M stands for Cu, Co, Fe, Ni), through
advanced synthesis methods which arenetheless characterized by low cost and simple
preparation procedures. In particular, several preparation methods, ithermal
decomposition, precipitation, hydro#rmal, wet impregnation were employed during

synthesis and their impact on the physicochemical properties and consequently, on the

Vi



catalytic performance (activity/selectivity/stability) of the -psepared materials was
explored through a thorough characteation study which included variowx situand in
situtechniques, such as, adsorptionat 196°C (BET method);p4y diffraction (XRD)-ray
fluorescence (XRF),-r&y photoelectron spectroscopy (XP$mperature programmed
reduction (TPR scanning/transmission electron microscopy (SEM/TEMY Raman
spectroscopy The main implications of z/shapéelectronic engineering in catalysis are
explored on the ground of some of the most pertinent heterogeneous reactions, such as CO
oxidation, NO decomposition and G@ydrogenation to valuedded products. Specifically,

the present thesis focusesdhe following research objectives:

(@ Ceria shape effects on the structural defects and surface chemistry,

(i) Facetdependent reactivity of ceridased transition metal catalytic materials,

(iii) Finetuning of the local surface chemistry towards the developmenhighly
active, selectiveind stable catalytic materials for various energy/environmental
applications,

(iv) Rational design and fabrication of nobieetal free, cosefficient catalysts
formulations by means of advanced synthetic/promotional routes,

(V) Establishrant of reliable structureproperty relationships towards revealing key

activity descriptors

In light of the above description, the current thesis is divided into the following chapters:
Chapter l1describes the recenadvances in the field of the rationdksign of noble metal
free ceriabased catalysts, emphasizing on the effect of size, shape and electronic/chemical
environment on the catalytic performance. In specific, on the basis of the Cu/ie@y
system, the main implications of the aforementionddctors in several processds
heterogeneous catalysis, such as CO oxidatig®, d&composition, preferential oxidation of
CO (CaPROX)water gas shift reaction (WGSBhd CQ hydrogenation to valuadded
products, are thoroughly discussed.
The followirg review papersvere derived fronthe abovedescribedresearch
1. Michalis Konsolakis andlaria Lykaki "Recent Advances on the Rational Design of
NonPrecious Metal Oxide Catalysts Exemplified by ,/CeQ Binary System:
Implications of Size, Shape and Etatc Effects on Intrinsic Reactivity and Metal

Support Interactioris Catalystd 0 (2020 160.doi: 10.3390/catal10020160

Vil



2. Michalis Konsolakis andVaria Lykaki "FacetDependent Reactivity of Ceria
Nanoparticles Exemplifiethy Ce@Based Transition MetaCatalysts: A Critical
Review, Catalystd 1(2021) 452 doi: 10.3390/catal11040452

Chapter 2describes the synthesis methods followed for the preparation of the materials,
the characterization techniques and the catalytic evaluation studies.

In chapters 35, the presentation and the discussion of the experimental results is taking
place.

Chapter 3deals withthe effect of synthesis parameters on the solid state properties and the
CO oxidation performance of bare ceria catalyere particularly three diferent time-

and costeffective preparation methods (thermal decomposition, precipitation and
hydrothermal method of low and high NaOH concentration) were employed fer th
synthesis of ceria materials. It was found that the hydrothermal method resulthen t
development of ceria nanoparticles of specific morphology (nanorods, nanopolyhedra
nanocubes) and of high surface areas (> 9gm), with the rodshaped ceria sample
exhibiting enhanced reducibility and oxygen Kkinetics, leading to improved catalytic
performance.

Furthermore, Chapter 3 deals with ceria nanostructuresnorphological effects (cubes,
polyhedra, rods) on the textural, structural, surface, redox properties and, consequently, on
the CO oxidation performance of cetiased transition metal d¢alysts M/CeQ (M: Cu, Fe).

It was found that the support morphology significantly affects the physicochemical
properties of the mixed oxides with great implications in their catalytic performance. In
particular, ceriss morphology rather than the texturatructural properties profoundly
affects the reducibility and oxygen mobility of the mixed oxididlowing the order:
nanorods > nanopolyhedra > nanocubes, with ceria nanorods exhibiting abundance in
structural defectsand oxygen vacancies. Also, theddin of the metal oxide phase (copper

or iron) into the bare ceria supports boosts the CO oxidation performance, without however
altering the order observed for bare ceria samplés, nanorods > nanopolyhedra >
nanocubes, with the rodhaped coppeceria sample offering complet€O elimination at
temperatures as low as 108C Similarly iron-ceria nanorods exhibithe best catalytic
performance exhibiting, however, complete CO conversion at higher temperatures (~250
°C) in comparison with the equieat copper catalysts. The latter clearly reveals the pivotal
role of active phase nature in conjunction to support morpholdggught to be mentioned

that a perfectrelationship between the catalytic performance and the following parameters

was disclosedon the basis of aMarsvan Krevelen mechanism: i) abundance of weakly

viii



bound oxygen species, i) relative population of/Ce’* redox pairs, iii) relative abundance
of defects and oxygen vacancies.
The following publications resulted from the aforememtgal results:

3. Maria Lykakk 9t Sy A t I OKF 2dz2NAR2dzz 9f SyA Lt A2LIdz
Michalis Konsolakis,Impact of the synthesis parameters on the solid state
properties and the CO oxidation performarmfeceria nanoparticles’'RSC Adnces
7(2017)6160;6169 doi:10.1039/c6ra26712b

4. Maria LykakE 9f Sy A t | OKIF G02dz2NAR2dzZ {s5YyYAl ld [/ @
Chrysanthi Andriopoulou, N. Kallithrakésntos, Soghomon Boghosian, Michalis
Konsolakis;Ceria nanoparticles shape effects on the stk defects and surface
chemistry: Implications in CO oxidation by Cu/Cedfalysts’; Applied Catalysis B:
Environmental 230 (2018) ¢38. doi:10.1016/j.apcatb.2018.02.035

5. Maria Lykakte { 2FAlF {GSFlLZ {syAl ! & [/ ® [/ I NIXoAYySAH
Stathopoulos and Michalis KonsolakKiBacetDependent Reactivity of f&/CeQ
Nanocomposites: Effect of Ceria Morphology@® Oxidation"Catalysts9 (2019
371 doi:10.3390/catal9040371

Chapter 4describes ceria morphological effects on the physitmenical propertiesand
nitrous oxide decomposition (de) performance of ceribased cobalt oxide catalysts. In
particular, ceria nanoparticles of specific morphology (nanorods, nanopolyhedra,
nanocubes) were hydrothermally synthesized and employed agsastgpfor the cobalt oxide
phase. The cobatteria catalysts were catalytically evaluated during the g2NKeaction in

the absence and in the presence of oxygen. Once more, the superiority of ceria nanorods,
exposing the {100} and {116}ystalfacets, wagevealed with the addition of cobalt phase
greatly enhancing the decomposition ok Cobalceria nanorods with improved redox
and textural properties, along with their abundance in“Cspecies, exhibited the best
deN,O performance.

Chapter 4also focuses on the optimization of the de@ performance through the fire
tuning of the local surface chemistry of copgmria binary oxides by means bbth
synthesisprocedure and surface promotion. According to the results, highly active and
oxygentolerant CUCeQ, composites can be obtained through their poptimization by ce
precipitation andsubsequentalkali (Cs) promotion, with the sample of 1.0 at Cs pef nm
offering a haHconversion temperatur&a. 200 °C lower as compared to that of a reference
Cu/CeQ@ sample, due mainly to the modifications in the electronic and redox properties

induced by the alkali addition. The superior déN\performance of the Gdoped Cu/Ce®



samples can be attributed to their enhanced reducibility and abundance in partiallgeddu
copperspecies (Ciystabiized through alkalaided metaisupport interactions
The followingpublicationswere derivedirom the abovediscussed results
6. Marialykakk 9f Sy A tFLAAGIZ {syAl ! ® /& /| NFoAyS
Konsolakis,Optimization of bh RS O2YLI2 aAGA2Y ,miked dx@dsi e 2F [ «
by means of synthesis procedure and alkali (Cs) promotion”, Catalysis Science &
Technology 8 (2018) 2342322.doi: 10.1039/c8cy00316e
7. MariaLykakE 9t Sy A t I LJA & (| I ADbCA CapabineiozandWlichalisA RA & = {
Konsolakis;'Ceria Nanoparticles' Morphological Effects on th® NDecomposition
Performance of G@J/CeQ Mixed Oxides" Catalysts 9 (019 233.
doi:10.3390/catal9030233
Chapter 5deals with the impact of cerids morphology(nanorods and nanocubesh
combination with the effect ofictive phase nature on the physicochemical properties and
the CQ hydrogenation performance at atmospheric pressofeeriabased transitiormetal
catalysts, M/Ce@(M: Cu, Co, Fe, Ni). In pactiar, CQ conversion followed the order:
Ni/CeQ > Co/Ce®> Cu/Ce@> Fe/Ce®@> CeQ, independently of the support morphology.
On the basis of selectivity result$, should be mentioned that bare ceria, Cu/Cg@nd
Fe/CeQ samples were very selective f@O production, whereas Co/Ceg@nd Ni/Ce@
catalysts werdighlyselective towards methane (@QH
The followingpublicationsoriginatedfrom the above results
8. Michalis KonsolakisMaria Lykakk { 2 FAl {GSTFlI X {Geprgiss ! @ /[ @
Varvoutis, Eni Papista and Georgios E. Marnelld€Q Hydrogenation over
NanoceriaSupported Transition Metal Catalysts: Role of Ceria Morphology
(Nanorods versus Nanocubes) and Active Phase Nature (Co versus Cu)",
Nanomaterial® 2019 1739.d0i:10.3390/nan0912173
9. Georgios Varvoutidvlaria Lykake { 2 FA L {GSTFIF X 9t SyA tFLAAGHE X
Georgios E. Marnellos and Michalis Konsolakidgemarkable efficiency of Ni
supported on hydrothermally synthesized €e@norods for lowtemperature CQ
hydrogenationto methane", Catalysis Communications 142 (2020) 1060@&
10.1016/j.catcom.2020.106036
Chapter 6constitutes the final chapter, summarizing the conclusions derived by the research
conducted in the context of the present thesis and offering new peitbpes towards the
rational design and development of highly active/selective catalytic composites for energy

and environmental applications.
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CHAPTER 1

Rational Design and Optimization Strategi®f Non
Precious Metal Oxide Catalysts: Literature Review

Chapter laimsat providing

the most recent advanceson
the rational design of MOs.e,,
the general optimization
framework followed to fine
tune non-precious metal oxide
sites and their surrooding
environment by means of
appropriate  synthetic  and
promotional/modification

routes Initially, the basic

principles of size, shape and

electronicengineering(e.g, through advanced synthetic routes, special pretreatment protocols,
alkali promotion, bemical/structural modification by reduced graphene oxide (rGaxg
discussed. It was clearly disclosed that fineing can exert a profound influence not onbn the
reactivity of metal sites in its own right, but also to metapport interfacial actiiy, offering
highly active and stable materials for rdié& energy and environmental applicatioriBhen, the
main implications of sizeshape and electronic/chemicahdjustmentin catalysis are exemplified
on the basis ofCuQ/CeQ binary system durig some of the most relevant applications in
heterogeneous catalysis, such as CO oxidatief, tiecomposition, preferential oxidation of CO
(COPROX)water gas shift reaction (WGS&)d CQ hydrogenation to valuedded prodicts, are

thoroughly discussed.



Chapter 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 tausces availability and environmental degradation.

To this end, the development of emerging energy technologies towards the production of
environmentally friendly fuels besides the establishment of -@dfdctive environmental
technologies for climate clmge 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 highlyand costeffective technologies is one of the most significant
concernsof the 21" century[1c4].

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, assitifield 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 hazardousibstances, signifying its pivotal role in the world econding,57].

Several types of catalysts have been employed for energy and environmental applications, which
can be generally classified into: Noble metal (NbE3ed catalysts and NMsee metal oxides
(MOs), such as bare oxis, mixed metal oxides (MMOSs), perovskites, zeolites, hexaaluminates,
hydrotalcites, spinels, among others. Among these, Mistsed catalysts have been traditionally
used in numerous processes, such as CO oxidiairi], nitrous oxide (NO) decompositiorl2¢

17], water-gas shift reactioril8¢20], carbon dioxide (Cphydrogenation21¢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 whihtbe of low cost, nonetheless
[26,27]

On the other hand, metal oxides (MOs) prepared from eaftindant and inexpensive transition
metals have attracted considerable attention as alternatives to amd remarkablyexpensive

NMs, due to their particular features, such as enhanced redox properties, thermal stability and
catalytic performance in conjunction to their lower cq2{3,3543,5,2834]. 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 MOshpfiive-year period. It ivident

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 prepafgg admixing two or more single metal oxides

in a specific proportion, have lately gained particular attention, since they exhibit unique structural
and surface properties, which are completely different from that of parent oxides. Amongst the
numerous MOs transition metalbased oxides haveained particular interest, due to their
peculiar chemisorption capacity, linked to partially fillegttells[45,46] For instance, Chased
oxides can catalyze a variety of reactions following a reagp& mechanismg.g, photocatalysis),

due to the wide range of Cu oxidation states (mainly, @i, Cd), 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 kkbhave a profound influence on the intrinsic catalytic
activity, through metabkupport interactions, as will be further discussed in the sequence. In
particular, ceria or cerium oxide (Cg(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 defeds (
oxygen vacancies) through the rapid interplay between the twddaiion states of cerium
(Cé*ICe™ [2,6,29,4T49]. In addition to thesephysicochemical advantages of cerium oxide, its
average 2020 price stands at very low leets 1815 USD/metric ton), with a relative cost teen

of CeQ < TiG < SiQ < ZnO< ZrQ, revealing the economic benefits of cefiased catalytic

materials[50]. Moreover, ceria'scombination with transition metals leads to improved catalytic

3
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performance, due to the syngy between the metal phase and the support, related to electronic,
geometric and bifunctional interaction$31,51¢56]. More importantly, the combination of
reducible oxides €.g, CeQ@) with TMs €.g, Fe, Co, Ni, and Cu) could offer novel catalyst
formulations with exceptional properties, arising mainly from the multifaceted electronic and
geometric interactbns amongst the different counterpar{81,51,6%63,52,54,60]. In this regard,

the combination ofCuQ and Ce® oxides towards the formation of CwQeG binary oxides,
offers catalytic activities comparable or even better to NiMsed catalysts in various applications,
such as CO oxidation,,® decomposition, preferential oxidation of CO {EROX), & lately
reviewed[31].

The peculiar reactivity of Cuw@eG system arises not only from the distinct characteristics of
individual CuQand CeQ 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 defectstc.), reflected hen on the catalytic
activity [31,58,64,68]. Various interrelated factors are usually considered under the term

"synergy, involving among others:

() The superior interfacial reactivity as compared to the reactivity of individual particles;
(i) The presence of defects.f, oxygen vacancies);
(iii) The enhanced reducibility of MOs as compared to single ones;

(iv) The interplay between interfacial redox paiesd, Cd/Cu” and C&7Ce™).

In view of the above, very recently, the modulation of mefapport interactions as a tool to
enhance the catalyti performance was thoroughly reviewed, disclosing that up to fiftkdd
productivity enhancement can be achieved in reactions related to C1 chemistry by controlling
metalsupport interactions[63]. However, it is well established todaganks to the rapid
development of sophisticated characterization techniquésat various interelated 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 rmtpport interactions, and in
turn, on the catalytic activity of thee multifunctional material§s,49,73;79,53,54,59,62,6872]. In

view of this fact,size, shape, porous, redox and electronic adjustment by means of appropriate
synthetic and promotional/modification routes can provide the vehicle to substantially modgify

not only the reactivity of metal @t in its own right, but also the interfacial activity, offering highly

active and stable materials for relfie energy and environmental applications (Figlir2).
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Figure 1.2Schematic illustration of metal oxidg$10s) finetuning by adjusting theisize, shape,

composition and electronic/chemical state.

In light of the aforementioned issues, the presehiapteraimsat exploring he basic principles of
MOs finetuning by modulating the size, shape and electronic/chemical state by means of
approprige synthetichromotionalroutes. The implications of size, shape and electronic/chemical
effects in catalysis will be next exemplified on the basis of stéthe-art catalytic applications of
CuQ@/CeQ binary oxide, involving CO oxidatiosONdecomposibn, preferential oxidation of CO
(COPROX), water gas shift reaction (WGSR), and B@rogenation to valuadded

chemicals/fuels.

1.1. FINETUNINGOF METADXIDESMOs)

Heterogeneous catalysis traditionally refers to a chemical rea¢éikimg placeon the surface of a

solid catalyst, involvinthe adsorption andhe activation of reactant(s) on specific active siténs
chemical transformation of adsorbed species @hd products desorption. Thanks to the rapid
development of bothin situand ex situcharacterization 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 behawican 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, electronitineonent, and

interfacial effects, among others. In view of this fact, the modulation of the alnosetioned
5
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parameters can profoundly affect the local surface structure and chemistry with great implications
in catalysis. It should be mentioned, howevdrat due to the interplay between structural and
chemical factors, it is quite challenging to disclose the fundamental origin of catalytic
performance. Thus, it is of vital importance to establish reliable strugtnoperty relationships,
unveiling theparticular role of each factor at 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 rectivity by adjusting the abovmentioned parameters either in

one or both counterparts. In the following, the basic principles of size, shape, and
electronic/chemical effects are providetlowever, it should be mentioned here that all factors
areinterrelated; thus, the discrete role of each one in the catalytic activity of MOs cannot be easily

disclosed, as further discussed below.

1.1.1. Size Effects

The rapid development of nanotechnology in the last years enables the fabrication of MOs with
tunable sie and shape at the nanometer scale. Nowadays, it has been both experimentally and
theoretically revealed that the surface, structural and electronic properties of nanopatrticles (NPs)
differ essentially from the corresponding bulk properties. In generalddnreasing the particle

size of metal oxide particles down to few nanometerg)( <10 nm), a dramatic increase in activity

can be generally obtained, attributed tésize effects. This sizalependent reactivity can be
ascribed to diffeent contributions namely: (i) gantum size effects, (ii) presence of low
coordinated atoms intonanoparticles'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-fumging of MOs. For additional
reading, several comprehensive articles in this topical area are recommended
[31,54,69,70,72,73,77,80]

In paticular, by decreasing the size of a material down to nanometer scale, the stdamdume

ratio is largely increased, resulting in an increased population of surface sites, being the active
sites in catalysis. Besides the modulation of the fractioatofs 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 undercoordinated atoms with exceptional adsorption and catalytic properties
[54,69,73,8%85]. Typically, surface sites with low coordination number (CN) demonstrate
stronger adsorption ability as compared to those of high [68/77,86] linear relationships

between the adsqgrtion energy of various adsorbates and the coordination humber have been

6
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found for several transition metals, including among others-pagcious metals, such as Cu, Ni,
and Cd87,88] 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 atomsrcaindergo
substantial modifications upon decreasing the particle size down to nanoscale. In particular, when
a bulk material with a continuous electron band is subjected to size decrease down to the
nanameter scale, the sacalled quantum effect or confineemt effect is taking place, arising from

the presence of discrete electronic states as in the case of mole¢6®g2,73,80,89] 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 tltan2 nm as compared to bigger ones, with great
implications in CO oxidatigi90¢93].

Recently, thanks to the introduction of new generation sophisticated characterization techniques
(e.g, highangle annular darkeld scanning transmissioalectron microscopy (HAAEFTEM),
extended Xray absorption fine structure (EXAFS)) and computational metheds, Density
Functional Theory OOF) calculations), an indirect size effect linked to the mestapport
interactions is clearly revealed. Morepexifically, even small perturbations between metal
nanoparticles and oxide carriers, due to charge transfer between particles, local electric fields,
morphological changesligand' effect, etc, can induce a substantial modification in catalytic
activity [31,52,58,61,9496]. To more accurately describe these phenomena, the term Electronic
Metal Support Interactions (EMSI) has beegently proposed by Campbe]®7] in contrast to
classical Strong Metal Support Interactions (SMSI). In view of this concept, tiny metal clusters
composed of a few or evesingle 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 con{8tt52] In view of

this fact, it has been shown thay controllingthe metal (Ni, Pd, Pt) nanocrystsize, the length

of metalceria interface is appropriately adjusted with significant implications in CO oxidation;
normalized reaction rates were dramatically increased with decreasing the size, dtle to
increased boundary length

As an additional implication of sitlependent 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 cryal size of ceria and the concentration of oxygen vacancies has been
revealed; the large surfag®-volume ratio in conjunction to the exposure of unemvordinated

sites can facilitate the formation of oxygen vacancies and thé f@etion in nonstoichbmetric

CeQ . NPg[70,98;104] Moreover, an inverse correlation between the lattice parameters of,CeO

NPs and particle sisehas been establishedattributed to the increase of Geand oxygen
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vacancies concentratiofv0]. A similar trend was recorded between the surfdoebulk oxygen

ratio and particle size

Closing this part concerning the size effects, it should be noted, that although gastiz
decrease has in general a positive catalytic effect, there is a variation in relation {actizty
relationships depending on catalyst type and reaction environment. For instance, a positive size
effect could be obtained if the rate determinitsgep (rds) involves the bond cleavage of a reactant
molecule on surface atoms with low coordination number. However, if the same wunder
coordinated atoms strongly bind dissociated speceg.,(oxygen atoms) this could lead to the
poisoning of catalyst stace and thus to the negative size effect. In particular, in reactions with no
structure sensitivity, the activity remains unaffected by chaniethe particle size (Figure3lline

a), while it could decrease with decreasing particle size (Fig3¢dine b), referred as negative
particle size effect or antipathetic structure sensitivity, or increase as #icfe size decreases
(Figure 13, line d), referred as positive particle size effect or sympathetic structure sengi@tjty
However, the activity may reach a maximum when small particles exhibit a negative effect and

larger particles show a positive one (Figr@, line c)[81].

Particle size (nm) 0

TOF (s™)

Fraction of atoms exposed

Figure 13. Turnover frequency (TORariation with fraction of atoms exposed and particle size

(see text for a discussion of the curves). Adapted from[B&J. Copyright 1989, Elsevier.

1.1.2. Shape Effects

Nanostructured catalysts possess unique propartieiginating 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 envionment, also termed as morphologlependent nanocatalysi®3,69,76,77,84,105

8
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107] In particular, the catalytic cycle and hence the reaction efficiency, is determineshotants
adsorption/activation and products desorption processes, being strongly influenced by the surface
planes of catalystgarticles. In this regard, the simultaneous modulation of size and shape at the
nanometer scale can determine the number anck thature of exposed sites, and thus, the
catalytic performance. This particular topic is an essential issue within the field of nanocatalysis,
aiming at controllinga specific chemical reaction through-adjusting these parameters at the
nanometer scale.

Thanks to the latest advances in materials science, nanostructured catalysts witbefirdid
crystal facets can be fabricated by precisely controlling nanocrystatéeation and growth rate
[49,74,77,78,80,106] 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 subjg6t29,78,84,98,106,108,109Various structures with
similar or different dimensions in all directions, such as nanospheres, nanocubes, nanowires,
nanorods, nanosheetgtc., could be obtained.

Ceria'sshape control and its implications in catalysis is most probably the most extensively
investigated systemamong metal oxides in heterogeneous cataly$’,6,105,108,11¢
113,29,49,53,71,75,76,8489 The growth rate mechanism of ceria hanocrystals can be affected by
various parameters, such as the basicity or polarity of the sohé&d#,115] the aging
temperature[116,117] the precursor compounfll18,119] and the impregnation mediurf120].
Regulation of nanocrystalaucleation and growth processes results in specific shapes, such as
rods and cube§t9,78] Moreover, by altering the plsjcochemical conditions during the synthesis
procedure é.g, by the usage of a capping agent), blocking of certain facets or continuous growth

of others may occyras depicted in Figure4.

{111} growth
{100} dominant {100} capped

{100} growth
{111} capped {111} dominant

@

Figure 1.4. Model shapes illustrating an anisotropic growthopess starting from a truncated

cuboctahedron shape. Protecting the {111} facets using a capping agent results in the growth of
{100} facets until they disappear and only {111} facets remain on the surface (octahedral shape).
The opposite would result inubic NPs with only {100} facets. Reproduced with permission from

Ref.[121]. Copyright 2015, Elsevier.
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There are several synthetic approaches for the preparation of ceria natidpa, including
precipitation [120,122,123] thermal decompositin [123,124] template or surfactantissisted
method [125¢128], microwaveassisted synthesi$129¢131], the alcohothermal[126,132] or
hydrothermal [123,126,138137] method, microemulsion[135,138,139] solution combustion
[140,141] solgel [142¢144], sonochemicall145,146] etc. However, not all methods lead to
particles of weHordered size and shape with uniform dispersion on the catalgstrface[121].
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 thacquisition of various nanostructures, such as rods, polyhedra, cubes,
wires [108,118,15Q159,123,160,126,133,136,137,1A49]. Ceria nanocrystals have three low
index lattice facets of different activity and stability, namely, {100}, {110}, {4®1}107,161] as

shown in Figure 5.

b) (100)
Ce (b)

Figurel.5. (a) Unit cell of the Cetructure. (Bd) The (100) [0€200)], (110), and (111) planes of
the CeQ structure. Reprinted with permission fronRef. [161]. Copyright 2003, American

Chemical Society.

The selective exposure of ceria reactive taggan 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

10



Introduction and Literature Review

the {100} and {111} facets, respective[¢9,53,107] By means of both experimental
[84,105,110,150,162,1634nd theoretical[113,164;168] studies, ithas beenshown that the
energy formation of anionic vacancies is dependent on the exposed facets, following the order:
{111} > {100} > {110}. In this regard, the reactivity ofaceanorodsis, in general, increased upon
increasing the fraction of {110} and {100} fada®).

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} 4@} [169]. Similar morphologygependent effects have

been demonstrated for several noble metfl06,170]and metal oxide[53] catalyzed process.

In this point, it should be mentioned that the shape effects with regard to dsa&ed transition

metal catalysts have been comprehensively reviewed in our most recent ffigr

1.1.3. Electronic Effects

Besides modulating the local surface structure of MOs by size and shape effects, described above,
the finetuning of electronic structure by appropriate promoters can be considered as an
additional modulating tool. Promoters hold a key role in heterogeneoatalysis towards
optimizing the catalytic activity, selectivity and stability by modifying the physicochemical features
of MOs, and can be classified into two general categosgactural promoters and electronic
promoters. The first category mainly wives the doping of supporting carrier to enhance its
structural characteristics and in turn, the stabilization of active phasg, (incorporation of rare
earth dopants into threavay catalystg5]). 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 thelletzctric field of promoters.

The latter denotes the promoteinduced modifications on metal Fermi level, which is then
reflected on the chemisorptive bond strength of reactants and intermediates with great
consequences in catalysis. In particuthe "promoter effect' is related to the changes in the work
Fdzy OtlA2y oOu0 ' guface (upos pranbtér afldiiéni accompanied by substantial
modification of its chemisorption properties. The vast majority of electronic promotion over metal
oxide catalysts refers to lali 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, Febased catalysts, in various energy and environmental relsgadtions

(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 regding;180].

Figues 1.6 and 1.7 depict the"promoter effect in the case of alkatloped CgO, oxides during

the NNO decomposition181,182] A close relationship between the catalytic performance (in
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terms of halfconversion temperature,f) and the wdNJ, Fdzy OG A2y 6uv 0 &1 & RA&Of
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 molecles (such as J)[181]. However, at high alkali coverages, depolarization occurs,

due to the strengthening ofhie alkalialkali bond at the expense of the alkalirface bond,

resulting in a work function increa$&83].
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Figure 1.6. Correlation of halconversion temperature ¢§) with the work tinction of alkali
promoted CgO,. Reaction conditions: 5.0%®0 m. = 300 mg; GHSV = 7000%alkali coverage =
~2 at/nnt. Adapted from Referendd81]. Copyright 2009, Elsevier.
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Springer Nature.

In this point, it should be mentioned that, depending on the supparature and crystal planes,
alkali adsorption may lead to surface reconstruction. Thitase reconstruction can be explained

by taking into account the structural/electronic perturbations induced by the formation of the
alkalisurface bond184]. As mentionegreviously, the crystallographic orientation of the support
plays an important role in the diffusion rate of the adsorbed species, as well as in theiwinen
interaction, resulting in different structural stabilizatigh84]. For instance, potassium promoter
was shown to stabilize certain iron facets ipidémoted iron catalysts, by inducing changes in the
crystal growth rate, thus, enabling the formation of small péesowith abundance in active facets
and affecting the activity and selectivity of the overall sysf@®5]. As shown in Figur#.8, by
increasingthe K/Fe surface atomic ratio, the crystal facets become more stable and the surface

energy is decreasefl85]. This clearly manifests the pivotaile of alkali addition towards eo
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adjusting the structural and electronic properties of the cataystirface, and in turn, the catalytic

performance.
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Figurel1.8. Surface energy variation versus the surface atomic ratio of K to Fe. Reproduced with

permission from Referendd 85]. Copyright 2011, John Wiley and Sons.

Besides the alkaihduced modifications on the chemisorption propertiegyrsiicant alterations

on the surface oxygen mobility have been demonstrated; alkali addition could facilitate suprafacial
recombination of oxygen towards molecular oxygen desorption, thus, liberating active&lfes

Both the electronic and redox modifications induced by alkali addition can exert remarkable
effects on catalytic activity and selectivity, demonstrating the key rolgpaimoter 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 reactéyype (electron donor or
eledron acceptor adsorbates) and the work function changes (increase or decrease) induced by
the promoter (electropositive or electronegative). Thus, besides the strudeansitivity,
commented above, the electronisensitivity of a given reaction should ays be taken into

account, when attempting to cadjust the size, shape and electronic state
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1.14. Chemical Modifiers

Besides the extensive use of alkalis or alkaline earths as promoters, humerous other chemical
substances can be employed to moduldlte local surface chemistry/structure and in turn, the
activity, selectivity and lortgerm stability of parent catalyse(g. [72]). In this regard, metal alloys

(e.g, AuNi alloys as reforming catalysfd86], PtSn alloys for ethanol oxidatiofi87] are
extensively employed in talysis towards obtaining highly active and ceffective catalytic
formulations. Several mechanisms are considered responsible for the enhanced performance of
bimetallic systems, involving mainly structural (strain effects) and electronic (chranysfer
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 catalysi72]

In a similar manner, chemical substances with unique phygiemnical properties, such as carbon
based materials, have lately reged considerable attention as chemical modifiers or supporting
carriers[73,188] Various carbon materials, such as carbon nanotubes (CNTSs), deduagghene

oxide (rGO), ordered mesoporous carbon (OMC), carbon nanofibers (CNFs), and graphitic carbon
nitride (g¢GN,4), have received particular attention in catalysis after the significant progress in
controlled synthesis and the fundamental understargli of their properties. In general,
nanocarbons (NCg)igure 19) possess unique physical (large surface area, specific morphology,
appropriate pore structure) and chemical (electronic structure, surface acidity/basicity) properties

arising from their naascale confined structurg4 88].
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Figure 1.9. Representative nanocarbons used for the preparation of catalytic composites.

Reproduced with permission from REE88]. Copyright 2018, Elsevier.

15



Chapter 1

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 cataly$rs8,188] For example, confined Fe NPs in CNTs exhibit an
almost twice yield to & hydrocarbons as compared to Fe particles during the syngas conversion to
liquid hydocarbons[189]. The latter was mainly ascribed to the modified structural and redox
properties of confined Fe NPs within CNIT3]. 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 materigls88,190,191] In general, adon
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,ds 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
componentg192].

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 foed[193]. These materials exhibit unique properties,
such as high surface area and porosity, while their complex network consisting of various channels
allows pasage in small molecul¢$94]. The fabrication of MGBased 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 gestcan be stabilized by MOFs tugh
confinement effects[195]. For instance Cu, Ni, and Pd nanoparticles encapsulated by MOFs
exhibited high catalytic efficiency, ascribed mainly to the synergistic effects ofcoafioement

and electrondonation offered by MOF framewoft96¢201]. Furthermore, by changing the MOFs
functional groups, products distribution may differ, as a consequence of \argainduced in the

chemical environment of the catalytically active si{282].

1.1.5. 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.§, [203,204). In particular, the local surface chemistry of the

MOs can be further tailored by appropriate pretreatment protocols, including thermal or chemical
pretreatment. According to the pretreatment protocol followed, different properties get affected,
resultingin diversified catalytic behavim. It has been reported that defect engineering by a {ow
pressure thermal process instead of atmospheric pressure activation, could notably increase the
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concentration of oxygen vacancy defects and in turn, the CO oxidaivity of ceria
nanopatrticles, offering an additional tool towards the finming of MOg203]. Moreover, it has
been documented that the pretreatment protocol (oxidation or reduction) induces significant
effects on the local surface structure of cobedtria oxides affecting the dehydroxylation process

in ammonia synthesi205]. In a similar maner, oxidative pretreatment of cobatteria 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 spexies
uniformly distribided on the catalys$ surface through the reduction pretreatment, whicave

rise to the formation of oxygen vacancigd)]. In addition, a strong interaction between gold and
ceria has been observed after, Pretreatment, due to the electron transfer from Ato cerig
giving rise to oxygen vacancy formation, lattice oxygen migration, as well as to the formation of
Au PCO and surface bicarbonate species, tairg, thus, the adsorption of CO and the
desorption of CQ[206]. In terms of To,, CO oxidation performance showed the following order:
O, pretreatment (74°C) < N pretreatment (142°C) < 10% CO/Ar pretreatment (189)[206]. In

view of the above short discussion, the pretreatment conditions can affect the facilitation with
which certain active species are formed on the cat&ysirface, the oxygen mobility or the

formation of oxygen defects, with great implications in the catalytic performance.
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1.2. IMPLICATION®F MOs FINETUNINGIN CATALYSIEXEMPLIFIEBY CuQ/CeQ, BINARY
SYSTEM

In this section, the implications of metal og#lifine-tuning by means of the abowdescribed size,
shape and electronic/chemical effects are presented, on the basis of thg@@ 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 copgpamtaining cerium
oxide materials. More specifically, the abundant availability of copper and ceria and consequently,
their lower cost (about four orders of magnitude, Figurd)Ienderthe CuQ/CeQ composites
strongly competitive. Moreover, their excellent reactivitjinked to peculiar metasupport
interactions in conjunction to their remarkable resistance to various substances, such as carbon
dioxide, water and sulfur is of particular fundamental and practical importg666207,208]
Remarkably, copperontaining ceria catalysts appropriately adjusted by the aforementioned
routes demonstrated catalytic activity similar or even better than Nddsed catalysts in various
applications, such as CO oxidation, the decomposition,Qf &hd the wategas shiftreaction,
among otherd116,126,216220,149,209215].

For instance, the inverse Cg0u(111) system exhibits superior CO oxidag@mformance at a
relatively lowtemperature range (56100 °C), in which the niole 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(111221¢223]. The latter has been mainly attributed, on the basis of the most
conceptual experimental and theoretical studies, to the existence df Gethe metatoxide
interface which binds O atonvgeaker as compared to bulk £¢221,224]

In light of the above aspectdn this section, the main implications of size, shape and
electronic/chemical effects on the catalytic performance of @G€Q, 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 &l catalytic
applications, which can be found in several comprehensive revi8vid,65,207,225,226]It
mainly aims to provide a general optimization framework towards the development of highly
active and coseffective MOs, paving also the way fortklecrease of precious metal content in

NMsbased catalysts.
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1.2.1. CO Oxidation

CO oxidation is probably the most studied reaction in heterogeneous catalysis, due to its practical
and fundamental significance. The catalytic elimination of CO iseatt gnportance in 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.

Regardng, at first, the CO oxidation activity of individual ¢p@ase, it has been clearly revealed
that it is strongly dependent on oxidation state, size and morphology. In particular, the following
activity order: CpO > metastable cluster CuO > CuO has lregraled, closely related to the
ability to release lattice oxygej227,228] On the other hand, the exposed crystal planes of ,CuO
phase drastically affect the CO oxidation; truncated octahedrgDCnith {332} facets displayed
better activity than low index {111} and {100} plarjfé29]. Similarly, CuO with exposed {011}
planes is more active that clogmcked {111} plangl230]. In view of this fact, it has been found

that the CO oxidation activity of CuO mesoporous nanosheets withihilgx facets is about 35
times higher than that of the commercial samp#31]. In general, surface vacancies, originated
from coordinately unsaturated surface Cu atoms, can easily activate oxygen species towards their
reaction with the reducing agef8].

In a similar manner, theoretical and experimental studies have shown that the entayjianmic
vacancies formation over bare ceria follows the order: {111} > {100} > {110}, as previously analyzed
[84,105,167,168,110,113,150,1666]. Moreover, a large increase in oxygen vacancies
concentration has been found for ceriaystal size lower tharca. 10 nm [99], revealing the
interrelationshipbetween size and shape effects.

In view of the above aspects, it could be argued that by adjusting the shape and sideviofual
counterparts of MOs (CyQand Ce@® in the case of CufeQ mixed oxides), significant
modifications in their redox and catalytic properties can be obtained. The underlying mechanism
of this synergistic effect linked to metalpport interactims is the subject of numerous
theoretical and experimental studies in catalysis. The latest advances in the field ofGe@D
interactions and their implications in catalysis have been recently reviewdtbhgolakig31]. In
general, the superiority of binargxides can be ascribed to various interrelated phenoaen
involving among others: (i)lectronic 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 §84% However, all of these
factors are closely related with thatrinsic 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 andumt the interfacial reactivityMoreover, chemical or
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electronic effets induced by aliovalent dopingan exert a profound influence on the catalytic
performance, offering an additional tool towards the rational design of NfEgure 1.2)In the
sequence, the optimization of CO oxidation activity of $O&D, catalysts by means of the above
mentioned approaches is presented, as an indicative example of MOs rational design.

In this point, it should be mentioned that the pivotalle of ceria morphology in the CO oxidation
activity ha been reported by severajroups[118,136,148,158,209,211,28234], with most of
these revealing the superiority eeriananorods.

However, it should be noted that similar or even better catalgitivities can be obtained by
different morphologies €.9, [126,210,41]). 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 nanorads<122°C vs. 194
°C)[126]. Extensive characterization investigations revealed that the copper species inodanor
existed in both CUO,] Ce and Cugclusters, while CuQclusters dominated in nanospheres.
Among these species, only Gu@usters could be easily reduced to Cu(l) when they were
subjected to interaction with CO, which is considered to be the refmothe enhanced reactity

of Cu@YCeQ-NS sampleEL26].

So far, numerous synthesis routes andfatient precursors have been employed to adjust the
structural and morphological characteristics of @@Q composites, mostly summarized by
Prasad and Rattaf207]. For instance, it has been found that the use of Ce(lll) instead of Ce(IV)
precursors can lead to CyQeQ catalysts \ith superior reducibility and CO oxidation activity
[235]. In particular, it was experimentally shown that Cefldjived samples contained a higher
amount of Cii species, through the redox equilibrium Tu C& 1  /*dz Cé&', which are
responsible for their enhanced oxidation performan{Z35]. Moreover, Cu@CeQ, samples
prepared from copper acetate precursor demonstrated better CO oxidation performance as
compared to those prepared from nitrate, chloride and sulfate precur§28§]. Avgouropoulos

and coeworkers[237,238]recently employed a novel hydrothermal method for the synthesis of
atomically dispersed Cu@eG catalysts, offering high CO oxidation performance. By means of
various complementary techniques, it wassin 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 §239] reported on the facile synthesis of phapare, monodisperse ~3

nm Cuy1Ce O, « crystallitesthroughsolutionbased pyrolysis of heterobimetallic Schiff complexes.

An increase of CO oxidation activity by one and three orders of magnitude compared to ceria

YEy2LI NIAOf Sa 60 yYO FyR YAONRLI NIMAGt Sa o6p >YO0=X
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Besides the engineering of shape and size, porous structure engineering could exert a significant

influence on the CO oxidation activity of GIE2Q catalysts[125,212] For example, three
dimensional Cu@doped Ce® prepared by a hard template method exhibited complete CO

conversion at temperatures as low as %D, due to their improved textural and redox properties

[212]

Regarding the influence of CWOeQ, composition on the CO oxidation activity, most of the

studies

revealed an optimum Cu/(Cu+Ce) atomic

ratio in

the

range of30%

[211,234,235,240,241\Within this specific range, the optimum physicochemical charastiesi

and interfacial interactions can be achieved, reflected then on catalytic activity.

Apart from the abovelescribed approaches that have been put forward to improve the CO

oxidation performance of Cuy@eQ oxides,

structural/surface promoters should be mentioned. In view of this fact, it has been found that the
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modification of ceria support by Mf242] or Sn[243] can drastically modify the dispersion of GuO
and the redox interplay between Cu species and support, thus, enhancing the CO oxidation
performance. Very recently, the tuning of the interfacial properties w®ZZeQ by In0O; doping

was also explored244]. It was found that the CO oxidation performance ofQpCuQ/CeQ
sample greatly exceeds that of parent oxide, offering complete CO conversion at temperatures as
low as 100°C[244]. By means ofomplementary characterization studies and density functional
theory calculations, it was proved that, @ could modify the geometric structure of CuO
particles by reducing their size. The latter results in more raipport 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 intd&fdd¢

Recently, coppeceria nanosheets were synthesized by using grapheride as a sacrificial
template, in an attempt to increase the concentration of active interfacial $#45]. The copper

ceria interaction was further adjusted by appropriate pretreatment, with the catalyst calcined at
600 °C exhibiting complete CO conversion at’@) due to the ljh concentration in active copper
species and oxygen vacanc|[@45]. Moreover, a swordike copperceria composite derived by a
Cebased MOF with 5 wt.% Cu loading, exhibited superior CO conversion performgpgeel(d0

°C) in comparison to other irregutshaped catalysts, due to ¢hgood interfacial contact, which
resulted in the abundance of Cactive species and oxygen vacandi®4]. Very recently, triple
shelled Cu@CeQ hollow nanospheres were synthesized by MOFs, exhibiting high CO conversion
performance (Joo = 130°C)[246]. This was mainly ascribed to the porous structure of the triple
shelledmorphology, offering an enhanced synergistic interaction between copper and[2é6

Table 11 summarizes, at a glance, indicative attempts followed to adjust the interfacial properties
and in turn, the CO oxidation performance of @20 binary oxides. It is evident that extremely
active composites can be obtaithdoy adjusting the shape, size and electronic/chemical state by
means of appropriate synthetic and/or promotional routes. It is worth pointing out the superiority
of finely-tuned Cu@QCeQ samples as compared to noble metased 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 parameterse(g, CuQ/CeQ nanorods cedoped with maingroup elements) towards

further optimization.
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Table 11. Indicative studies towards adjusting the CO oxidation performance of CeQ oxides.

Reaction Conditions AdjustedParameter (Employed Method) Optimum System Ts00 € 1 Reference

0.2% CO + 1% Q; shape/size

- 14 b1, 0,
WH(SB\éS\/?i,ggoogg 1&1\ ; (hydrothermal synthesis) 8.5 wt.% Cu/Ceghanorods 72 [116]
1.0% CO + 15.0%,0 shape/size 15 wt.% Cu/Cegnanorods 50 [209]
= m ydrothermal synthesis e nm), Cu .0 nm
WHSV = 7200 mlid** (hydroth | synthesis) CeQ (15 nm), CuO (6.0 nm)
) 1.0 wt.% Cu/Cegnanospheres
1.0% CO + 20.0%;0 shape/size _ i

WHSV = 80,000 mt'g** (alcothermal method) (~13@&150 nm spheres comprised o¢Znm 85 [126]

nanoparticles)

size/structure
(solutionbased pyrolysis of heterobimetalli  Cu Ce ¢0> x monodisperse nanoparticles (~3.0 nm) 150 [239]
Schiff complexes)

1.0% CO + 2.5%:0
WHSV = 78,000 mt'g**

size/structure

1.0% CO + 10.0%;0 9.0 at.% Cu/CeO

WHSV = 60,000 mb' " (thermolytic decomposmon in the presenct Ce, (3.3 nm) 85 [210]
of capping agent)
) . Cu/Ce@nanospheres
1.0% CO, air balance; size/structure _ ) ;
WHSV = 30,000 mb! " (hydrothermal treatment) (CL_J/(Cu+Ce) = 0.33, spherical partlcles 01300 nm 70 [211]
diameter composed of nanopatrticles of ca. 10 nm)
0.24% CO + 15.0%;0 size/structure .
WHSV(; 60,000 mI‘:lQ<“t11'°l (hard template method) 10 mol.% Cu/Cefmicrospheres 150 [125]
1.0% CO, air balance; size/structure three-dimensional (3D) 34 [212]
WHSV = 10,000 mt*g** (hard template method) Cu/CeQ((Cu/Cu+Ce) = 0.2)
1.0% CO + 21.0%;0 shape 0 .
21 {+ I c/AME%, (thermal annealing of CeMOF precursors 8.0 wt.% Cu/Cegtriple-shelled hollow nanospheres 110 [246]
1.0% CO, air balance; electronic/chemical state
1 ) 0
WHSV = 52,000 mt* g™ (doping by urea combustion method) 5.0 wt.% Cu/CeaMno O, 120 [242]
2.4% CO + 1.2%:.0 electronic/chemical state o
WHSV = 32,000 mt* g™ (doping by combustion metid) 6.0 wt.% Cu/GeS 10, 80 [243]
1.0% CO + 20.0%:0 electronic/chemical state IN,Os-CuQICeO,

(doping by wetness emnpregnation

WHSV = 60,000 mt*g** method) 3 [244]

1.25 wt.% In, 5.0 wt.%u

1.0% CO + 1.0%;0 0] 1.0 wt.% Pt/Ce® 70 [247]
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GHSV = 9600h

1.0% CO + 20.0%;0
WHSV = 60,000 mt* 4™

® 3.0 wt.% Pd/Ce©

120

[244]

0.95% CO + 1.75%;0
WHSV = 12,000 mE' ¢**

® 0.2 wt.% Pd/CeO

180

[248]

WHSV: Weight hourly space velocity [=] fitht}; GHSV: Gas hourly space velocityfX]
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1.2.2. NO Decomposition

Nitrous oxide (MO) has been lately recognized as one of the most potent greenhouse gases and
ozone depleting substancg®49]. In view of this fact, the catalg abatement of NO 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 substamcgs @, HO)
hinder widespread applicatitss. Hence, as previously stated, noble méteé composites have
gained particular attention as potential candidates. The recent advances in the fieldOof N
decomposition over metal oxides have been recently reviewed by Kons{#4®i It was clearly
revealed that MOs could be effectively applied fgONdecomposition, demonstrating comparable

or even better catalytic performance compared to Nbesed catalysts. More interestingly, 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 ro(249].

Herein, the main approads lately, followed to improve the depD performance of MOs,
exemplified by the Cu@eQ system are shortly presentedTablel.2 presents indicative studies
towards this diection. It is worth noticing the comparable or even superior geNverformance b

finely-tuned CuQlCeG samples as compared to noble metased catalysts (Table2).
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Tablel.2. Indicative studies followed to adjust the dgblperformance of CufCeQ oxides.

Reaction Conditions Adjusted Parameter (Employed Method) Optimum System Ts0(°C) Reference
0.26% NO; composition 0
GHSV = 19,006*h (citrate acid method) 67 mol.% Cu/CeD 370 [213]
0.25% NO; composition o
GHSV = 45,006'h (hard template replication) 40 mol.% Cu/CeO 440 [250]
0.1% NO; size/structure 20 wt.% Cu/Cefprepared by ceprecipitation, 465 [251]
WHSV = 90,000 mt'g** (various synthesis methods) CeQ(11.8 nm)
0.1% NO; size/structure (ceprecipitation method) and Csdoped (1.0 at/nm) Cu/Ce@ 420 [214]
WHSV = 90,000 mt'g** electronic state (alkali addition) CeQ(13.5 nm)
0.2% NO; size/structure molar ratio Cu/Ce = 1, 380 [215]
WHSV = 60,000 mt'g** (hydrothermal method) CeQ (7.0 nm), CuO (24 nm)
0.25% NO; shape 0
WHSV = 120,000 mt* §** (hydrothermal method) 4.0 wt.% Cu/Cegnanorods 430 [150]
0.25% NO; shape 0
WHSV = 60,000 mt'g** (glycothermal method) 10 wt.% Cu/Cegnanospheres 380 [216]
0.1% NO; 9
0.1% NO; 0
WHSV = 60,000 m' g [0) 0.5 wt% Pt/A}O; 500 [252]
0 .
0.1% NO: 0 0.5 Wt% Pd/AIO, 5500 [252]

WHSV = 60,000 mt'g**

WHSV: Weight hourly space velocity [=] rfithf; GHSV: Gas hourly space velocity [%] h
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The effect of ceria morphology (hanorods, nanocubes, nanopolyhedra) on th@©deformance

of Cu@yCeQ composites was extensively investigated by Pintar angvaidkers [150]. Copper
clusters located on {100} and {110} plangseferentially exposed on ceria nanorodexhibit a
normalized activityca. 20% higher compared to {1} planes of polyhedra (Figufell). In terms

of conversion performance, the 4.0 wt.% GCi@&riananorods exhibited a hatfonversion
temperature (T of about 430°C compared to 440C and 470°C of nanopolyhedra and
nanocubes, respectively. On the mef a thorough characterization study, it was disclosed that
the oxygen mobility and the regeneration of active Cu phHasasier on ceria nanorods, which in
turn, facilitates the debD activity through oxygen desorption and replenishment of active sites
[150]. In a similar manner, CyGsupported on Ce® nanospheres exhibited high de®™
performance (3, = 380°C, Tablel.2), ascribed mainly to the high population of Cu€usters on

the high surface area Ce@anosphereg216]. These findings clearly demonstrate the significant
advances that can be achieved in the g@Norocess by engineering the size and shape of metal

oxide composites.
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Figure 111. The activity of nanoshmed Cu@CeQ catalysts measured at T = 3%5. Adapted from
Referencg150]. Copyright 2015, American Chemical Society.
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MOPHDPoP t NEFSNBYGALIE hEARFGAZ2Y 2F / h 6/ h twh-
The coppefceria binary oxides are among the most widely investigated catalytic systems in the
preferential oxidation of carbon monoxide (JEROX), a reaction used for the production of highly
purified hydrogn and the removal of CO. CiCeQ catalysts have gained particular attention in
COPROX process, due to their superior performance, which is mainly ascribed to the peculiar
properties of coppexeria interfacg31].

In light of the abovamentioned size, shape and electronic/chemical effects, numerous efforts
have been put forward towards optimizing the GGROX performance. Indicatiapproaches
followed to finetuning the COPROX performance are summarized in Tab8& and further

discussed below.
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Tablel.3. Indicative studies towards adjusting the CO preferential oxidation performance gf@a{®oxides.

. . Adjusted Parameter . Maximum CO
Reaction Conditions (Employed Method) Optimum System Conversion Reference
1.0% CO + 1.0% ©50.0% &} composition o o
WHSV = 60,000 mt*¢** (hydrothermal method) 5.0 wt.% Cu/CeD 99.6% at 130C [253]
1.0% CO + 1.0% ®©50.0% K composition 0 090
WHSV = 60,000 mt*¢** (co-precipitation method) 30 at.% Cu/CeD 92% at 143C [254]
1.0% CO +1.0% ®10.0% KD + composition
15.0% Co+ 50.0% ki (solgel precipitation/ 10 wt.% Cu/CeDO ~99.5% at 100C [255]
WHSV = 30,000 mt*¢** chelatingimpregnation)
1.0%CO + 1.0% 3 40.0% K composition 0 0
WHSV = 30,000 mt*¢** (hanocasting method) 7.0 wt.% Cu/CeD 100% at 110C [256]
1.2% CO + 1.2% ®©50.0% K} composition/size 6.0 wt.% Cu/CeD 0
WHSV = 20,000 mt*¢** (freezedrying method) CeQ (9.9 nm), CuO (10.7 nm) Ll e [257]

composition/size
(solventfree method, cupric nitrate as a
COpper precursor)

7.5 wt.% Cu/CeD
CeQ(16.3 nm)

1.0% CO + 1.0% ©50.0% K

0,

1.0% CO + 1.0% ©50.0% Kl chemical state

WHSV = 40,000 mt*¢** (ultrasoundaided impregnation) Cls.LaO/CNTs 100% at 126C 1259]
0, 0, 0, i 0,
12%2\? ;r 210250/(93 395‘19#’1& " (Poly(methyl metzlczrilate) as a template G'gt\a/v(g (/;.gtsllrcri)ep 100% at 115C [260]
1.(\)/‘\’/AJH28 ;r 3%6(?;/8 89 ;2%"@ b (hydrothzrr‘;%‘? method) 4.0 wt.% Cu/Ceoctahedra 95% at 140C [261]
0, 0, 0, 0,
1'?NAJHCS:8 : éooo/g(;e r?]%%fl) " (hydrothzrr];r;el:‘ method) 5}(())(\;?/';25#5?5 >99.0% at 95/96C [147]
0, 0, 0,
1-(\)/‘\70ng ;r ié(?(‘;/g 89 ni(éi_g’{;('ﬂ (alcoth::r‘]?;’lemetho 0 5.0 wt.% Cu/Cespheres 100% at 100C [262]
0, 0, 0, I -
1'(\)/\70|_|(3:\(3 : iooo/g(g3 nswciz_lg{;(bj (selttem;Igiligz method) Cu,ce%\:?cprloesgs)uzlrl:g nollow 100% at 95C [263]
0 0 0 i i
1-\(/)\/{:5\?;112-8,6@063 ?r?ﬁgg/gkbj (potaseslilej(r:;r?jzg:i/r?g/ecrgrlt(;ilnsr:aatr?otubes) (2.5 wtc‘;o/ c(::euc,yzcé)N\A-ll-tS.%eQ, 100% at 175C [264]
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alkali/Cu = 0.68)

1.0% CO + 1.0% ©50.0% &} pretreatment 0 0
WHSV = 60,000 mF' " (with hydrogen) 10 wt.% Cu/CeD 72% at 80C [265]
0 0 0 pretreatment
1.0% CO +1.0% ®50i0{° b (with 2 M NaOH and etched with an ioni 10 wt.% Cu/CeO 100% at 150C [266]
21 {+x T cm%%hnn liquic)
1.0% CO + 1.25% ©50.0% & pretreatment o o
WHSV # p = nn RHAY [ i (with HNQ, pH < 4) 7.5 wt.% Cu/CeD 100% at 137C [267]

WHSV: Weight hourly space velocity [=] riiLhg.
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Several coppeceria catalytic systems of various copper loadings have been synthesized by
different methods, with theoptimum Cu loading varying between 5 and 10 w{263,25%;
257,268] A further increase in Cu content from 10 to 18% has been reported to reduce the
catalytic activity, due to the large Cu@yglomerates on the catalyst surfa@b5]. It was revealed,

by means of botlex situandin situcharacterization studies, that the desired CO oxidation process
is related to partially reduced Cspecies, whereas, highly reduced copper species not strongly
associated with CeCravour the undesired Kl oxidation [31,253,268270]. 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 interacti@tween copper

and ceria through the aboveescribed finetuning approaches.

Regarding the shape effect, different copgmria nanostructures (rods, cubes, spheres,
octahedra, spindle or mul8helled morphologies) have been synthesized and studieth®CO
PROX reaction. It was revealed that the shapstrolled synthesis of ceria nanoparticles has a
profound influence on the C®PROX activity and selectivity. In particular, it was found that rod
shaped and polyhedral coppeeria systems exhibited Higr CO conversion performanced¥ 68

°C) at lowtemperatures, as compared to platess{® 71°C) and cubes (= 89°C)[147]. The
latter was mainly attributed to the saller CuQclusters subjected to a strong interaction with the
ceria carrier, which, in turn, facilitates the formation of'Gites and oxygen vacancigs}7]. More
importantly, a close relationship between measurable physicochemical parameters, such as the
amount of Cii species and the #/Ass, Raman ratio (related to oxygen vacancies) with the
catalytic performance was obtained; rodnd polyhedrashaped samples exhibitetthe highest
values on Cuspecies and oxygen vacancies, demonstrating, also, the optimunPRQX
performance[147].

In this point, it should be mentioned that in relation to which ceria shape is the most active or
selective for the CAPROX process, inconclusive results are acquired, due to the different reaction
conditions applied (see Table3) in conjunction to the complexity of CBROX process, which is
affected to a different extent by the various interrelated parameteesg( reducibility, metal
dispersion, oxygen vacancies, oxidation state, mstglport interactions). Under this perspective,

it was reported that coppeceria nanocubes exhibited higher Cs&&lectivity than coppeceria
nanorods or nanospheres, due to the diffiguof nanocubes to fully reducintipe copper oxide
species under C®ROX condition§135,271] while, at the same time, exhibiting lower CO
conversion than nanorod®71] and nanosphere§l35]. In a similar manner, CwW@eQ spheres

and spindles, exposing {111} and {002} facets, showed titeebi CO conversionstE 69 and 74

°C, respectively), as well as a wide temperature window for total CO conversigh9@%C for
spheres and 11215 °C for spindles), in comparison with octahedrons, cubes and [btg].
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Interestingly, in different shaped ceria nanostructures, @elrelationship is found between the
concentration of oxygen vacancies and the amount of reduced copper species EiQ)relearly
revealing the key role of exposed facets towards adjusting the catalytic performance. These
findings were further substaiated by DFT calculations, showing the high population of oxygen

vacancies at the intersection of {111} and {002} facets in opposition te {T&0} surfacg117].
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Figure 1.12. Plots of the number of oxygen vacancies and reduced copper species for the
CuO/Ce@ catalysts with difrent support shapes. Adapted from Referer{@d7]. Copyright
2018, Elsevier.

In an attempt to optimize the C®ROX performance through size and shape engineering single
and multishelled coppeceria hollow microspheres were synthesizi@$3,272] By tuning the
number of shells, the catalytic activity was notably improved, with the tdplelled structure
exhibiting the highest activity and selectivity (100% CO emin and 91% GQelectivity at 95

°C), as well as a wide temperature window for complete CO conversiaqi995C)[263]. 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 reactantccessibilityf263].

Taking into account the pivotal role of nanoparti¢legystallite size/shape and their consequent
effect on metalsupport interactions, dierent preparation routes have been investigated for the
synthesis of coppeceria composites, such as the hydrothermal method, the tempéssisted
method, the solidstate preparation method, sajel, coprecipitation, freezedrying, deposition
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precipitaion, etc. [253,254,256258,260,265,273] For instance, templatassisted synthesis
resuted in small ceria crystallite sizesa(5.6 nm), and thus, in a high population of copjseria
interfacial sites with implications in Cu oxidation state and PROX activitj260]. Moreover, the
precursor canpounds or the template agent used during synthesis procedure can affect the pore
size and volume or the reducibility of the materig®58,274] Interestingly, ethanol washing
during the preparation of CufLeQ oxides leads to decreased particle sizes, as it affects the
dehydration process between precursbpsrticles, resulting in deeased adsorbed water and
improved dispersiorf275]. Very recently, a novel ultrasouras$sisted pecipitation method was
employed to adjust the defective structure of Ge&hd in turn, the CORPOX activity276]. By
means of characterization techniques and theoretical calculations, it was shown that only two
electron defects on ceria surfacée(, defects adsorbing oxygen to form peroxides instead of
superoxide species which are formed on estectron defects) were responsible for the formation

of CU and Cé& species, which were intimately involved in the CO adsorption and oxygen
activation processef276]. In particular, the adsorption of fon two-electron defects resulted in
peroxides formation, followed by Cu ions incorporation towards the development o©OGTe
structure. Meanwhile, thetwo additional electrons in the twelectron defects facilitate the
electronic redispersion inCu O Ce structure leading to the creation of C(CO adsorption sites)
and C&" (oxygen activation sites).

Another approach irthe 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 Cuand Cd" ions was observed in stashaped inverse CefZuQ, catalysts which
exhibited high catalytic activit)277]. Moreover, the alteration of Ce/Cu molar ratio and/or the pH
value in the inverse Ce@uQ, catalysts notablyaffects the morphology and the particle size,
which in turn, favarsthe contact interface between ceria and copper, and thus, the CO oxidation
at the expense of pHoxidation in PROX proceBts]. In addition, a multstep synthetic approach
has been applied for a high concentration of oxygen vacancies todoessfully anchored at the
interfaces of the inverse CefQuQ, system, leading to outstanding CBROX activity (~100% CO
conversion at a wide temperature window 1@210°C) and adequate stabilif278].

The doping #ect on the COPROX performance has bealso studied in the inverse coppeeria
catalysts[279,280] It was reported that doping ceria with transition metatlsg, Fe, Co, Ni)
induces changes in the ceria lattice and in the formation of oxygen vacd@@@ks The doping
elemert affects the reducibility of the CefCuQ, catalysts, while promoting the formation of Ce
ions and oxygen vacancies, with the Ni@ped Ce@CuQ, catalyst exhibiting the highest activity
(Tso = 68°C) and the widest temperature window for total CO casi@n (115155 °C)[279]. In

the inverse coppeceria catalysts, it has also been found that the presence of Zn improves the
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CO PROX performance, as it has the ability to hinder the CuO reduction to highly reduced copper
sites which provide the active sites fihe H, oxidation[280].

By applying appropriate pretreatment protocols, the BROX performance may be also greatly
affected. In particular, the pretreatment of coppeeria catalysts in an oxidative or reductive
atmosphere affects the amount and sgiersion of the active species, and consequently, the
catalytic performancg265]. The pretreatment with hydrogen led to a breakage of the[Cy Ce
structure, which resulted in enhanced cbtiic performance, indicating the significance of the
highly dispersed Cy@lusters in the CGPROX proce$865]. Furthermore, the pretreatment in an
acidic or a basic environment affects timeraction 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 hanocubes, resulted in the best catalytic activity at temperatures
lower than 150°C, due to the strong interaction between the highly dispersed,@uBters and

ceria support[266]. An acidic treatment with nitric acich inanorodshaped Cu@CeQ, catalysts

has also been performed by Avgouropoulos angveokers[267]. It was found that a highly acidic
environment (pH < 4) led to an enrichment of catalystsrface in Cluspecies and to high
concentrations of oxygemacancies and Gespecies, while facilitating the formation of surface
hydroxyls that are considered responsible for controlling the interfacial interactions in the copper
ceria binary systen267]. All the abovenentioned characteristics in conjuthen with the better
copper dispersion and the improved reducibility of the highly acidic catalysts resulted in enhanced
catalytic performance ¢Fé y n  [2677]0The same group has also investigated the pretreatment
effect of employing ammonia solutions in copgmaria nanorod4281]. It was revealed that the
textural and structural propertie®f the modified catalysts remained almost unaffected after
treatment, whereas, increasing the Cu:N#itio to 1:4 resulted in higher reducibility and gave rise

to Cu and surface lattice oxygen species, leading, thus, to improved catalytic perforrf28ide

As shown in Figuré.13, close relationships between the halbnversion temperature ¢§) ard

the main Raman peak shift or the concentration of'Gend oxygen vacancies were observed
[281].
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Figure1.13. Tso vs. (i) shift of the main peak fRaman vibration mode) of fluorite Ce@nd (ii)
surface concentration of Géand oxygen vacancies determined via XPS analysis. Adapted from

Referencg281]. Copyright 2018, John Wiley and Sons.

Another adjusted parameter that can exert a profound influerom 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 copjoeria interactions. In that context, it was found that the
presence of Kionsin CuQCeQ catalysts has a beneficial effect on ®ROX process in the
presence of both CCand HO, since a proper‘Kontent was proved to alleviatdhe CQ and HO
adsorption on the reaction sites and thus, enhancing the catalytic performg@&&. Potassium

has also been found to stabilize ‘@ative species by affecting @e interations [283].

An additional engineering approach towards enhancing the RRDX reactivity of CyGeQ
oxides involves the employment of chemical substances of specific architecture and textural
properties, such as the carbdrased materials (rGO, CNTdc). These materials faun the
dispersion of copper and ceria, while affecting the reducibility and the population of oxygen
vacancies, thus, resulting in enhanced catalytic performance atdowperatures[259,284;287].

For instance the introduction of rGO resulted in abundant *Cepecies and oxygen vacancies,
offering high catalytic activity at temperatures below 185 and good resistance €Q and HO
[286].

Interestingly, by combining electronic (alkali promotion) and chemical modification (carbon
nanotubes), highly active multifunctional composites can be obtained. In cepgra catalysts
supported on carbon nanotubes (CNTSs) with a specific alkali/Cu atomicirati@,68, the nature
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of the alkali metal (Li, Na, K, Cs) has been shown to affecigperdion of ceria over CNTs and the
copperceria interaction264]. Kpromoted Cu@)CeQ oxides combined with CNTs exhibited high
catalytic activity (3& 109°C as compared to 17& of unpromoted catalyst), attributed to the K

induced modification on redox/electronic propertigz64].

1.2.4. WaterGas Shift Reaction (WGSR)

The watergas shift reaction (WGSR) plays a key role in the production of pure hydrogen, through
the chemical equilibrium: CO +iH 1 .+ k. 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 towargsnuzing the low
temperature WGS activity by means of the above discussed methodologies. Regardif@eCuO
catalyzed WGSR, two main reaction mechanisms have been proposed, namely, the redox and the
associative mechanism. The first one involves the dixidaof adsorbed CO by oxygen originated

by HO 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[163,288]

A thorough study concerning the nature of active species and the role of cappierinterface for

the low-temperature WGSR has been recently perforrbgdCheret al.[288]. It was revealed that

the activity of coppereria catalysts is intrinsically related with the*Gpecies present at the
interfacial perimeter, with the CO molecule being adsorbed on thes@es, while water being
dissociatively activated on the oygn vacancies of cer{@88,289] In a similar manner, Flytzani
Stephanopoulos and eworkers[290] have earlier shown that strongly bound ¢Q,] Ce species,
probably associated with oxygen vacancies of ceria, are the active species for itesriparature
WGSR, whereas, the weakly bound copper oxide clusters andr@mOparticles 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,® linked to coppeceria interface and oxygen
vacancies, is the ratdetermining step[288]. Therefore, particular attention has been paid to
modulate the interfacial reactivityhrough the above discussed adjusting approaches. Indicative
studies towards modulating the WGSR performance amarsarized in Tabld 4, and further

discussed below.
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Tablel.4. Indicative studies towards adjusting the WGSR performance of CeQ oxides.

Maximum CO

Reaction Conditions Adjusted Parameter (Employed Method) Optimum System Conversion Reference
10.0%CO + 12.0% G 60.0% b} size/structure 0 0
vapor:gas = 1:1; WHSV = 3000 fihg (precipitation) 20 wt.% Cu/CeD 91.7% at 200C  [217,218]
size/structure .
2.0% CO + 10.0%®1 , inverse Ce@Cu o
WHSV = 42,000 mtg*! (bulk-nano interfaces by aerosspray CeQ (2c3 nm) 100% at 350C [291]
method)
1.0% CO + 3.0%®t shape 0 0
WHSV = 200,000 mk g™ (microemulsion method) 5.0 wt.% Cu/Ceghanospheres  64% at 350C [138]
10.0% CO + 5.0% £6010.0% kD + shape . 0
7.5% H WHSV = 60,000 mt* §** (precipitation method) Cu/Ce@nanoparticles 49% at 400C [120]
3.5% CO + 3.5% £625.0% b+ 29.0% shape 0 0
H,0: GHSV = 6006 (hydrothermal method) 10 wt.% Cu/Cefoctahedrons  91.3% at 306C [149]
10.0% CO + 5.0% £55.0% bk electronic/chemical state CuCoCeQ (weight ratio of 0
vapa:gas = 1:1; GHSV = 6009 h (doping with cobalt by nanocasting) Cu:Co:Ce = 1:2:7) ST [292]
10.0% CO + 12.0% £60.0% kK electronic/chemical state Y-doped Cu/Ce® 93.4% at 256C [220]
vapor:ga = 1:1; WHSV = 2337 nithj* (doping with yttrium by ceprecipitation) 25 wt.%CuO, 2 wt.%,0; 70
0 0 0 pretreatment
15.0% CO + 6.0% £655.0% H (with 20 C@2H, followed by 10 Wt.% Cu/CeD 86% at 350C  [293]

vapor:gas = 1:1; GHSV = 4580 h

calcination in @

WHSV: Weight hourly space velocity [=] riithif. GHSV: Gas hourly space velocity }%] h
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The preparation method can affect various characteristics, sgctha specific surface area, the
total pore volume, the dispersion of the active phase or the crystallite[8lZ&294] For instance,
copperceria catalyst prepared by a hatémplate method showed higher WGSR activity as
compared to the one prepared by gwecipitation (62 vs. 54% CO conversion at 45)) due to its
larger surface area and higher Guilspersion, while they both exhibited a similar amount of
acidic surface t@s [294]. Among Cu@CeQ catalysts synthesized by different precipitation
methods, the catalysts prepared by stepwise precipitation showed the higl@sto@version, due

to their higher reducibility and oxygen defe¢&l9]. Precipitation was also found to give catalysts
with higher WGSR activity, namely, 91.7% CO conversion af@0th comparison with the
hydrothermal (82%) or sa@el methods (64.5%), due to their abundance in oxygen vacancies,
associated with the small Cy@rystals and large pore volunj217].

The precipitating agent used could also exert a significant impact on the physicochemical
properties of Cu@CeQ catalysts, with great implicatiain the catalytic behaviar [218,295] By
employing ammonia water instead of ammonitand potassium carbonate, the WGSR activity is
notably enhanced (91.7% CO conversion at ZD0n contrast to 78.3% and 46.2%, respectively),
due to the better dispersion of copper species and the stronger coppea interactiong218].
Moreover, the copper precursor compound (nitrate or ammonium ions) and the preparation
temperature can notably affect the WGSR acti{295].

Recently, it was found that the dispersion of differently formed copper structures (particles,
clusters, layers) on ceria of rdite morphology is €pendent on copper loading, with low copper
loadings (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-taygtis of coppe[289].

At copper loadings up to 15 mol.%, a linear relationship between the CO conversion and the
coppea content was observed (Figutel4), indicating that the number of the active interfacial

sites (Cl1 V, C€ is significantly increased along with Cu content up to 15 n@s®.
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Figure 114. Lowtemperature WGS reaction over the Cu/Ge€atalysts. CO conversion as a
function of the copper content in the respect catalysts. Reaction camditil1.0 vol.% CO/3.0 vol.%

H,O/He, 40,000 h" 200°C. Adapted from Referen§289]. Copyright 2019, Elsevier.

The morphological features of both copper and ceria counterparts notably affect the WGSR
activity. In a comprehensive study by Zhagl. [296], it was reported that Cu cubes exhibit high
WGSR activity in contrast to Cu octahedra with the@usuboxide (Gu £ E X Mno Ay d:
Cu(100) surface being the active sites. In a similar manner, it was shown that ceria nasoshape
(rods, cubes, octahedra) exhibit different behaviauring interaction with CO and.@, due to

their diverse defect chemistrj297]. Upon CO exmure, ceria nanocubes, exposing {100} planes,
favour the formation of oxygen defects at the expense of the existingfamhkel defects, while in
nanorods and nanooctahedra (exposing mainly {111} planes) both types of defects are formed
[297]. By combining Raman and FTIR results, it was revealed thatdited ceria rods and
octahedra could be further reduced in CO, resulting in the formation df blefects. In contrast,
cubes cannot be further reduced by CO; thus, oxygen is available to form carbonates and
bicarbonates by converting Frenkel defects to oxygen vacarn2@g. 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 coppsnia system, where
multifaceted interactions are taking place, the relationships between shape effects and catalytic
activity can be rather complex, leading to inconsistent conclugiti2®,138149].

Very recently, Yaet al. [291] reported on a novel structural design approach todsoptimizing

the WGR activity of Cu@JCeQ system. In particular, inverse coppeeria catalysts of high
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