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for CO, Activation by Renewable H, toward Chemicals and Fuels" by Georgios Varvoutis.
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In this point, it should be mentioned that the aforementioned doctoral theses are
interrelated and complementary to one another due to the collaborative nature and the
scientific objectives of the research projects LIGBIO-GASOFC (project code: T1EDK-01894)
and NANOCO?2 (project code: T1IEDK-00094). In this regard, some characterization results
obtained by PhD Candidate Sofia Stefa and some catalytic results obtained by PhD Candidate
Georgios Varvoutis are cited in various chapters of the present thesis in a well-defined and
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EYXAPIZTIES

H sapovon didaxtopiky duxtpifyy dev O eiye odoxAypwlei ywpis Ty otipily Ko T
osovdaia ovpforsy opropéviv avbpwsawv, Tovg ooiovs O 110l v evyaproTIOW PEOK
o' THY KogpOuck pov.

JlpwTiotws O 10eda v evyoproTiow oAdbeppun ko v ekgpdow THY evyVWHOTDVY
pov otov emPrémovia KaOyyntyy pov Muyddy Kovooddxy yux yv eusmiotootvy sov
pov €deile, eVTROTOVTHG e 0TV EPELVYTIKY TOV opddx. H adiikosry kabodijynoy Tov
Kot 01 TOANOTIuEG YVWOES TOV VTHPEXV  KATXAVTIKOL  TTXPKYOVTEG  YIX TNV
TPXYHATOTOINO THG Topovows ndaxTopikyg daxrpifric. O {fjAog Kt 1 aKovpaoTy
duibeoy Tov emdeIKvVEL TTOVG TOUEIS THG EPEVVAG KAl THG EKTAIOEVOTG ATOTENODY
POTEWK THpadelypate stpog oNovg pog. Estions O 0edx v evyaprotiow Tov
KaOnyntyy Nikoroo KoAAibpaxo-Kovto (TloAvteyveio Kpytyg) yie ) oTrjpiésy Tov Ko
TV &WOY1 TVVEPYNOIX HXG OAX AVTH T X povia, eKppalovTag TavToxpove T Pocbc
JOV EKTIUNON Kot Tov 0EfXTUO JLOV 0T0 TPOOWTEO TOU.

EmmwAéov, Ox fibeda v evyapotiow Tov Kabpynty Tecpyo Mopvédro
(Tlovemotiuio  Avtikyg Makedovias, pelos TG Tpiuelods emTpomng) yix T
emotyuoviky kaBodrjynoy Ko Ty oTHEIS Tov KaTd TH dukpKelx THG OLOXKTOPIKNG
owxtpifric. ‘Esmerte, Ox el vor evyaprotiow v Kvpix Epevviitpix Ap. EAévy
HMosovlov  (Tvonitovto Xyukewv Jiepyooicyv ko Evepyeiakov Jlopwv (IAETT)
EKETA, pélog 15 Tpiperods emtposg) yix v exiotyuoviky ovpPfoly tyg otyo
Toepovon dakTopiky d1xtpif].

Estiong, O 10edex v evyaprotiiow Tov Kalynty Tadpo JlamaevBuvpiov (TloAvteyveio
Kpytyg) ko Tov Kebyyntyy Keovorowtivo TpicvtagpuANidy (Apiototédeto Jlovemotipio
Ocooochovikyg) yix Ty otjpiéy xor T ovpfol Tovg oTo TAwiow THG TAPovONG
d1dackTopiktjs dtecrpifis.

e avto 10 onueio, O 10eda v evyapioTiow Tovg avbpddTovg pe TOVG 0TTOIOVG
OVVEPYKOTHKX OTOVG TOUELG TOV Y OPAKTHPLOU0D VMKWV Kol TV KATOXAVTIKAT dOK1pGv.
H ovpfolyy Twv avbpaswv avtdv vIRPée KaboploTIKY VI THY TPXYUXTOTONOY TG
bdakTopikts owtris dwxtpifrc.  Evyapotw Oepus v Kalnyntpue Sonia A.C.
Carabineiro (Nova University of Lisbon) tov Kvpo Epevvyty Ap. JlavAo Jlocvdy
(Ebviko ko Komodiotpiwké Jlavemotiuio Abyvdv) o tov Keabyynty Booily
SrafosrovAo (Ebviké xoa Kowodiotpiko Jlavesiotipio Abyvdv) yux v dgpoyn



ovvepyoior pocg Ko T opavTiky Tovg ovpPors otyv vAomoinoy THg TapovoNg
bidacxtopikiis dixtpifryg. Esions O 110eda v evyapioTiow oAdBeppa ThY vIOYPLPIX
diddkTop Togin TTépa (TloAvteyveio Kpytys) yix Tjv Tepdotior ovpfolyy g otov
TOUEX TOV Y XPAKTHPLOH0D DKWY KoL YIX TV &oyn OVVEQYXOT TTov £Xovje OAex axvTdr
T0v ypovwr. EmmsrAéov, O 10eda v evyoproTiiow Tovg vToWrgiovs d1daKTOpEG Oocviion
Aopzposovdo  (Tlavemoriuio  Avtikys  Makedoviog) o Tewpyio  BopPovty
(Tlavemotiuio Avtikyig Makedovias) yix v eMpeTiKy oVVEQYXOIX Ko TV Kadpix
ovpPoli) Tovg 0T KATAXAVTIKA TEWAUNTA.

Ev ovveyeio, O 70eda vor evyapioTiiow T0 0VVTPOPO pov PiliTmo yix THY aeicoTy
oTp1s1) Tov k)’ OAy T TOpEin THG MrdaKTOPIKIG POV drxTp1f]C.

Térog O fj0eror v evyaproTiHow 0AdPVYX TOVS Yoveis pov Topix ko Tidvvy Ko T’
adépgix pov Jwovioy Ko Pevata yix Tjv adikkosy otijpiéy Ko v evldppvvor Tovg

OVTAG TTPXYHATIKOT 00V0d01TopOL o€ Kabe pov Priuc.

Mocpioc lvkakn






SHORT ABSTRACT

The rational design and development of highly-active and cost-efficient catalysts for energy
and environmental applications constitutes the main research pillar in the area of
heterogeneous catalysis. In this perspective, the present thesis aims at the fine-tuning of
noble metal (NMs)-free metal oxide catalysts, such as ceria-based transition metal catalysts
(M,0,/Ce0,, where M stands for Cu, Co, Fe, Ni) by means of advanced synthetic and/or
promotional routes. It was clearly revealed that the adjustment of size, shape and electronic
state of ceria-based metal oxides (MOs) can exert a profound influence on the reactivity of
metal sites as well as on metal-support interfacial activity, offering extremely active and
stable materials for various applications, such as CO oxidation, N,O decomposition and CO,
hydrogenation to value-added products.

In the framework of the present thesis, the effect of the preparation method (thermal
decomposition, precipitation, hydrothermal) on 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 nanoparticles of high specific
surface area (> 90 m” g™'), well-defined morphology and enhanced redox properties was
clearly disclosed. Interestingly, a direct quantitative relationship was established between
the catalytic activity and the abundance of weakly bound labile oxygen species.

Driven by the aforementioned results, our research efforts were next focused on the
hydrothermal synthesis of ceria nanoparticles of specific morphology, i.e., nanorods (NR),
nanopolyhedra (NP), nanocubes (NC). Then, the different ceria nanostructures were at first
used as supporting carriers for 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 rod-shaped samples, exposing the {100}/{110}
crystal facets, was once more revealed, as they exhibited enhanced reducibility and oxygen
exchange kinetics, linked to synergistic metal-support interactions. The key role of ceria
morphology on the reducibility and oxygen mobility, following the sequence: NR > NP > NC,
was revealed, without however being affected by the addition of the metal phase,
demonstrating the pivotal role of support morphology. A perfect relationship between the
catalytic performance and the following parameters was disclosed, on the basis of a Mars-
van Krevelen mechanism: i) abundance of weakly bound oxygen species, ii) relative
population of Cu*/Ce* redox pairs, iii) relative abundance of defects and oxygen vacancies.
Next, the impact of support morphology and alkali promotion was explored towards the

development of highly active catalysts for N,O decomposition. In particular, the effect of



ceria morphology on the physicochemical properties and the N,O decomposition (deN,0)
performance of cobalt-ceria mixed oxides was explored. Cobalt-ceria nanorods exhibited the
best catalytic behaviour (100% N,O conversion at 500 °C) due to their abundance in Co*'
active sites and Ce® species in conjunction to their improved reducibility, oxygen kinetics
and surface area.

Towards the rational design of highly active catalytic composites, the fine-tuning of local
surface chemistry of Cu/CeO, mixed oxides by means of synthesis procedure and alkali (Cs)
promotion was next investigated. It was found that the co-optimization of the synthesis
procedure (co-precipitation) and alkali loading (1.0 at Cs per nm?) can boost the deN,O
performance and resistance to O, inhibition. The superiority of Cs-doped samples was
mainly ascribed to the electronic effect of alkali promoter towards the stabilization of
partially reduced Cu*/Ce* pairs, which play a key role in the deN,O process following a
redox-type mechanism.

In the sequence, the combined effect of ceria morphology and active phase nature on the
physicochemical properties and the CO, hydrogenation performance over ceria-based
transition metal catalysts (M/CeO,, M: Fe, Co, Cu, Ni) was investigated. Independently of the
support morphology, the conversion of CO, followed the order: Ni/CeO, > Co/CeO, >
Cu/CeO, > Fe/Ce0, > Ce0,. Also, it ought to be mentioned that bare ceria, Cu/CeO, and
Fe/CeO, samples were very active and selective for CO production, whereas Co/Ce0O, and
Ni/CeO, catalysts were highly active and selective towards methane (CH,).

Through the present thesis, the pivotal role of support morphology and alkali promotion on
the solid state properties, metal-support interactions and in turn, on the catalytic
performance of ceria-based mixed oxides was unambiguously revealed.

More importantly, the fine-tuning of size, shape and electronic state can notably affect not
only the reactivity of metal sites but also the interfacial activity (e.g., through the formation
of oxygen vacancies and the facilitation of redox interplay between the metal and the
support) offering a synergistic contribution towards the development of highly active
composites. Through the proposed optimization approach extremely active and cost-
efficient catalytic materials were obtained for CO oxidation, N,O decomposition and CO,
hydrogenation reactions, being among the most active reported so far in open literature.
The general optimization framework followed in the present thesis can provide the design
principles towards the development of earth-abundant metal oxides for various energy and
environmental applications paving also the way for the decrease of noble metals content in

NMs-based catalysts.



2YNTOMH NEPIAHWH

O opBoloylkdG oxeSLAOUOG KAl N OVATTUEN OTMOTEASCUATIKWY KAl CUVAO OLKOVOULKWY
KOTOAUTIKWY CUCTNUATWY YLla EVEPYELOKEG Kol TEPLBAANOVTIKEG edapUOYEG amoTeAel Tov
KUPLO EPEUVNTIKO TUAWVO OTOV TOMED TNG E£TEPOYEVOUC KatdAuong. lMpog¢ auth thv
katebBuvon, otoxo tNnNg mopoloag OL6aKToplkAG SlatplPric amotedel n  KATAAAnAn
tpomomnoinon KataAutwv peTaAlofelbiwv  amaAloypéEVWY  euyevwy  HETAANWY, ONMwg
METAAAWY PETAMTWONG UTIOOTNPLYHEVWY oF ofeidlo Tou Snuntpiou (M,0,/Ce0O,, 6mou To M
ovtmpoowrnelelt ta Cu, Co, Fe, Ni), péow mponyuevwyv peBodwv olvBeong 1/kat
npowBnong. EL8LIKOTEPQ, N TPOTOTOINGCN TOU HEYEBOUC, TOU OXNATOC KAL TNG NAEKTPOVLAKIG
Kotdotaong tou ¢opea r/Kal TG evepyouc PpAoEWS UTOPEL Vo EMNPEACEL CNUOVTLKE OXL
HOVO TN SpaoTIKOTNTA TWV UETOAALKWY KEVTPWY, GAAA Kol TN SLETILHAVELOK EVEPYOTNTA,
obnywvtag oe efalpeTIKA evepyd Kol oTaBepd UALKA ylo TIOLKIAEG edapuoyEG, OMwE N
o&eldwon tou CO, n dtdomaon tou N,O kat n udpoydvwaon tou CO, mpocg poidvta UYPNANG
npootiBéuevng afiac.

Emi tn Bdon twv avwtépw, oto MAaiolo TnG mapoloag SL8aKTopLkng SLaTpLPnc, LeAetnOnke
opxLka n enidpaon tng peBodou cuvBeong (Bepuikn Stdomaon, katafubion, udpoBepuikn)
OTLG LOLOTNTEC OTEPEAC KATAOTAONG KoL oTnV anodoon ofeidwaong tou CO o vavo-cwpatidla
dnuntpiag. H avwtepotnta tng udpoBepuikng peBOdou WG MPog TNV OVATMTUEN vavo-
owpatdiwv Snuntpiag uPnAig edikAc emdpavelag (> 90 m’ g), KkaBoplopévng
popdoloyiog kal PeATIWUEVWY QVOYWYLIKWY WBLoTATwy Katéotn eudavig. EmumAfov,
avadelxbnke pla AUECN TIOOOTLKN) OXECN QVAUECO OTNV KATOAUTLKA €vepyoTnTaL KAl TNV
adBovia og aoBevwg cuvdedepéva €16n ofuyovou.

Opuwpevol amd ta mpooavadepBEVIA OMOTEAECUATO, Ol EPEUVNTLKEG LOG TIPOOTIADELEG
ETUKEVTPWONKAV otnv udpoBepuiky oclUvBeon vavo-cwpaTdiwv SNUNTPLOG CUYKEKPLUEVNG
popdoloyiag, nrot vavo-paBdot (NR), vavo-moAvedpa (NP), vavo-kuBot (NC). Apxikd, Ta
Sladopetikd vavo-cwpatidia dnuntplag xpnoLldomolénkay w¢ UTOOTPWHATA YLol TLG
evepyec ¢aoelc Cu kot Fe mpokewévou va AndBel yvwon eni g enidpaong tng
popdoloyiag tg dnuntpioc kat tTwv oAANAsTUOpACEWYV HETAANOU-GOPEA OTIG SOMLKEC
otéleleg, otnv embavelakn XNUElo Kol Kat' eMEKTAON, OTNV KATAAUTLKN amodoon we mpog
v avtibpaon ofeldwong tou CO. H avwtepdtnta Twv Selypdtwy vovo-paBdoeldolg
popdoloyiag, ota omoia ektiBevral ta kpuotaAhoypadikd emimeda {100}/{110}, katéotn
gudavng vy AAAn pla dopd, Kabwe mapouciacoy auEnUEVn OVOYWYLKN LKOVOTNTA Kot
KWVNTIKOTNTA 0EUYOVOU, OXETLWIOMEVN HE TIC OUVEPYLOTIKEC OAANAETUSPACELS HETAANOU-

dopéa. O onuavtikdg poAog Tne popdoloyiag Tng SNUNTPLOC OTNV OVAYWYLKH LKAVOTNTA KOl



oTNV KvnTikoTNTa ofuyovou katéotn eudavrc, akohovBwvtag tn ospd: NR > NP > NC,
Xwplg, woTOo0, AUt va ennpealetal anod tnv npocbnkn Tou PeTdAlou. Mo CUYKEKPLUEVQ,
eni tn BAon evog pnxaviopoL Tumou Mars-van Krevelen, Bp€Bnke pia TEAELo OXEON AvAUES
OTNV KOTOAUTIKN amodoon Kot T akOAouBeg mapapétpouc: i) adBovia oe aoBevwg
ouvdeSepéva €i8n ofuyovou, ii) oxeTkd MANBUoHS ot ofeldoavaywyikd Levyn Cu’/Ce™, iii)
OXETIKN apBovia oe SOUIKES ATEAELEG KOl KEVEG BEOELG 0EUYOVOU.

Ev ouveyela, peAetnbnke n emidpacn tng popdoloyiag tou dopéa katd TNV avtibpaon
Sltaomaong tou N,O oe pktd ofeidia koPaAtiou-6nuntpiag. Ot vavo-paBdot koPfaAtiou-
Snuntpiag mapouciaoav kat mAAL Tn BEATIOTN KATAAUTIKY cupnepidopd (100% petatpornr)
N,O otoug 500 °C) Adyw tng adBoviag Toug oe evepyd kévtpa Co®* kol oe €idn Ce* oe
ouvlUAOHO e TN BEATIWHEVN TOUC QVAYWYLKH LKOVOTNTA, KIVNTIKOTNTA 0EUYOVoU Kol ELSLKNA
smpavela.

Mpog TNV katevBuvon Tou O0pBoAOYKOU OXESLAOUOU KOTOAUTIKWY UAKKWY UPNANG
EVEPYOTNTOCG, MEAETNONKE, €v ouvexeia, n KATAAANAN Tpomomoinon TNC TOTKNG
sTpavelakng xnUeiag twv piktwv ofstdiwv Cu/Ce0, péow tng peboddou oclvvOeong Kat tng
npowBnong pe aAkaiwo (Cs). Eldikotepa, BpeéBnke OTL N tawtoxpovn BeAtiotomnoinon tng
HeBOSou oUVBeonC (cuykataBuBion) kat tng doptionc oe aAkdAto (1.0 at Cs/nm?) propei va
gvioyuoel tnv evepyotnta Sidomaocng tou N,O kot tnv avBektkotnta oto O, H
aVWTEPOTNTA TWV MPoWONUEVWY e Cs Selypudtwy amodoOnke, Kuplwg, oTNV NAEKTPOVLAKN
enidpaon tou mpowdNTA aAkaAiou w¢ TPOC TN oTOBEPOMOINCN TWV HEPLKWG OVNYHUEVWY
Zeuywv Cu'/Ce*, ta omoia Stadpapartifouv Kaipto poho otn Siepyaocio Sidomaong tou N,O
TIou 0koAoUBEL évav ofeldoavaywylkol TUTIOU LNXOVLIOUO.

3TN ouvéxela, peAeTnOnke n cuvbuaotikn enibpoaon Tng popdoloyiag Tng Snuntpiag Kal tng
dUoNg ™G evepyol dAONC OTIC GUGLKOXNMULKEG LOLOTNTEG KOL TNV KOTOAUTIKY cuumepldopa
UETOAWVY PETAMTWONG UTtooTPLYHEVWY og Snuntpia (M/CeO,, M: Fe, Co, Cu, Ni) katd tnv
avtidpaon ubpoyovwong tou CO,. Avefoptitwg NG HopdoAoylag TOU UMOOTPWHOTOG,
napatnpendnke n akoAoubn oelpd wg mpog tn petatporn tou CO,: Ni/CeO, > Co/CeO, >
Cu/Ce0, > Fe/Ce0, > Ce0,. Emiong, afilel va onuewwBei 6t Ta KaBopd umooTpWHATA
dnuntpiag kat ta Seiypata Cu/CeO, kat Fe/Ce0, Atav blaitepa evepyd Kal EKAEKTIKE WG
Tpog TNV mapaywyr tou CO, evw ot kataAuteg Co/CeO, kat Ni/CeO, Atav biaitepa evepyoi
KoL ekAekTLkol we tpoc to pebavio (CH,).

Ev katokAeldt, n moapoloo Sibaktopikr Statppr avédelle adlapdiofitnta tov Kaiplo polo

™¢ popdoloyiog tou dopéa Kol TNG emibovelaKnS evioyuong otig BLOTNTEC OTEPEAS



KOTAotaonGg, ot aAANAemiSpaoelg PeTAAAOU-POPED KOl KAT' EMEKTACN OTNV KATAAUTLKA
anodoon.

EldikOTEpPQ, N KATAAANAN TPOTIOTOINGCN TOU HEYEBOUG, TOU OXAMATOC KAl TNG NAEKTPOVLAKNC
Kataotaong Ppednke va emnpedalel o ONUAVIIKO BaBuo téoo tn SpacTikOTNTA TWV
METAAAKWV KEVIPpWVY 000 Kol T Slemipavelakr) evepyotnta (/mT.y. LECW TOU OXNUATLOUOU
KeVWV Béoewv ofuyovou kal tng umofondnong twv ofeldoavaywylkwv oAANAemdpdoewy
ovapeca oto PETAAAO Kol To $opéa) CUVELODEPOVTAG CUVEPYLOTIKA TIPOC TNV OVATTUEN
Olaitepa evepywv UAKwv. H Tipotewvopevn mpoogyylon PeAtiotonoinong odnynoe oe
€€ALPETIKA €VEPYA KATAAUTIKA UALKA XaNAOU KOOTOUC yla TIG avtldpacelg ofeldwaong Tou
CO, &waomaong tou N,O kot udpoyovwong tou CO,, KOTATACOOVTAC TA UETALU TwV TILO
EVEPYWV UAKWV avoadopka pe t BiBAloypadia. To yevikd mAaiclo BeAtiotonoinong mou
akoAouBeital otnv mapovoa SL60KTOpLK SlatplBry UMOPEL va TAPEXEL TG OXESLAOTIKEG
OPXEG TIPOG TNV avAnTuén HeTAANOEELSiWY XapnAoU KOOTOUG yla TIOLKIAEC EVEPYELOKEG KoL
TepBaAAOVTIKEC edaployEC, avoiyovtag TapdAAnAa to SpOpo Tpog tn Meiwon TG

doOpTIONC 08 VYEVH HETOAAN KATAAUTLKWY CUCTNUATWY BACIOUEVWY OE QUTA.



EXTENDED SYNOPSIS & THESIS STUCTURE

Ceria or cerium oxide (CeO,) constitutes a broadly studied 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 environment (oxidizing or
reducing). During the '80s, ceria's successful utilization in three-way 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 catalytic decomposition of nitrogen oxides (NOx) or nitrous oxide
(N,0), etc.

Moreover, metal oxides, composed of earth-abundant transition metals have gained
particular attention towards replacing the rare and highly expensive noble metals. In this
context, by combining ceria with earth-abundant and cost-effective transition metals, such
as Cu, Co, Ni, Fe, the physicochemical properties of the as-prepared materials can be
significantly modified, through the synergistic metal-support 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 metal-support 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 developed among the
nanoparticles, 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 approaches which can 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 catalysts' inherent properties through surface and/or structural
promotion.

In light of the above aspects, the objective of the present thesis is the development of noble
metal-free nanostructured ceria-based transition metal catalysts, in the form of M,0,/Ce0,
(hereafter denoted as M/CeO, for clarity's sake, where M stands for Cu, Co, Fe, Ni), through
advanced synthesis methods which are nonetheless characterized by low cost and simple
preparation procedures. In particular, several preparation methods, i.e., thermal
decomposition, precipitation, hydrothermal, wet impregnation were employed during

synthesis and their impact on the physicochemical properties and consequently, on the
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catalytic performance (activity/selectivity/stability) of the as-prepared materials was
explored through a thorough characterization study which included various ex situ and in
situ techniques, such as N, adsorption at —196 °C (BET method), X-ray diffraction (XRD), X-ray
fluorescence (XRF), X-ray photoelectron spectroscopy (XPS), temperature programmed
reduction (TPR), scanning/transmission electron microscopy (SEM/TEM) and Raman
spectroscopy. The main implications of size/shape/electronic engineering in catalysis are
explored on the ground of some of the most pertinent heterogeneous reactions, such as CO
oxidation, N,O decomposition and CO, hydrogenation to value-added products. Specifically,

the present thesis focuses on the following research objectives:

(i) Ceria shape effects on the structural defects and surface chemistry,
(i) Facet-dependent reactivity of ceria-based transition metal catalytic materials,
(iii) Fine-tuning of the local surface chemistry towards the development of highly

active, selective and stable catalytic materials for various energy/environmental
applications,

(iv) Rational design and fabrication of noble-metal free, cost-efficient catalysts
formulations by means of advanced synthetic/promotional routes,

(v) Establishment of reliable structure-property relationships towards revealing key

activity descriptors

In light of the above description, the current thesis is divided into the following chapters:
Chapter 1 describes the recent advances in the field of the rational design of noble metal-
free ceria-based catalysts, emphasizing on the effect of size, shape and electronic/chemical
environment on the catalytic performance. In specific, on the basis of the Cu/CeO, binary
system, the main implications of the aforementioned factors in several processes in
heterogeneous catalysis, such as CO oxidation, N,O decomposition, preferential oxidation of
CO (CO-PROX), water gas shift reaction (WGSR) and CO, hydrogenation to value-added
products, are thoroughly discussed.
The following review papers were derived from the above-described research:
1. Michalis Konsolakis and Maria Lykaki, "Recent Advances on the Rational Design of
Non-Precious Metal Oxide Catalysts Exemplified by CuO,/CeO, Binary System:
Implications of Size, Shape and Electronic Effects on Intrinsic Reactivity and Metal-

Support Interactions", Catalysts 10 (2020) 160. doi: 10.3390/catal10020160
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2. Michalis Konsolakis and Maria Lykaki, "Facet-Dependent Reactivity of Ceria
Nanoparticles Exemplified by CeO,-Based Transition Metal Catalysts: A Critical
Review", Catalysts 11 (2021) 452. doi: 10.3390/catal11040452

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

In chapters 3-5, the presentation and the discussion of the experimental results is taking
place.

Chapter 3 deals with the effect of synthesis parameters on the solid state properties and the
CO oxidation performance of bare ceria catalysts. More particularly, three different time-
and cost-effective preparation methods (thermal decomposition, precipitation and
hydrothermal method of low and high NaOH concentration) were employed for the
synthesis of ceria materials. It was found that the hydrothermal method results in the
development of ceria nanoparticles of specific morphology (nanorods, nanopolyhedra,
nanocubes) and of high surface areas (> 90 m* g™), with the rod-shaped ceria sample
exhibiting enhanced reducibility and oxygen kinetics, leading to improved catalytic
performance.

Furthermore, Chapter 3 deals with ceria nanostructures' morphological effects (cubes,
polyhedra, rods) on the textural, structural, surface, redox properties and, consequently, on
the CO oxidation performance of ceria-based transition metal catalysts M/CeO, (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, ceria's morphology rather than the textural/structural properties profoundly
affects the reducibility and oxygen mobility of the mixed oxides, following the order:
nanorods > nanopolyhedra > nanocubes, with ceria nanorods exhibiting abundance in
structural defects and oxygen vacancies. Also, the addition 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 samples, i.e., nanorods > nanopolyhedra >
nanocubes, with the rod-shaped copper-ceria sample offering complete CO elimination at
temperatures as low as 100 °C. Similarly, iron-ceria nanorods exhibit the best catalytic
performance, exhibiting, however, complete CO conversion at higher temperatures (~250
°C) in comparison with the equivalent copper catalysts. The latter clearly reveals the pivotal
role of active phase nature in conjunction to support morphology. It ought to be mentioned
that a perfect relationship between the catalytic performance and the following parameters

was disclosed, on the basis of a Mars-van Krevelen mechanism: i) abundance of weakly
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bound oxygen species, ii) relative population of Cu*/Ce® redox pairs, iii) relative abundance
of defects and oxygen vacancies.
The following publications resulted from the aforementioned results:

3. Maria Lykaki, Eleni Pachatouridou, Eleni lliopoulou, Sénia A. C. Carabineiro and
Michalis Konsolakis, "Impact of the synthesis parameters on the solid state
properties and the CO oxidation performance of ceria nanoparticles", RSC Advances
7 (2017) 6160-6169. doi: 10.1039/c6ra26712b

4. Maria Lykaki, Eleni Pachatouridou, Sénia A. C. Carabineiro, Eleni lliopoulou,
Chrysanthi Andriopoulou, N. Kallithrakas-Kontos, Soghomon Boghosian, Michalis
Konsolakis, "Ceria nanoparticles shape effects on the structural defects and surface
chemistry: Implications in CO oxidation by Cu/CeO, catalysts", Applied Catalysis B:
Environmental 230 (2018) 18-28. doi: 10.1016/j.apcatb.2018.02.035

5. Maria Lykaki, Sofia Stefa, Sonia A. C. Carabineiro, Pavlos K. Pandis, Vassilis N.
Stathopoulos and Michalis Konsolakis, "Facet-Dependent Reactivity of Fe,0;/CeO,
Nanocomposites: Effect of Ceria Morphology on CO Oxidation", Catalysts 9 (2019)
371. doi:10.3390/catal9040371

Chapter 4 describes ceria's morphological effects on the physicochemical properties and
nitrous oxide decomposition (deN,O) performance of ceria-based cobalt oxide catalysts. In
particular, ceria nanoparticles of specific morphology (nanorods, nanopolyhedra,
nanocubes) were hydrothermally synthesized and employed as supports for the cobalt oxide
phase. The cobalt-ceria catalysts were catalytically evaluated during the deN,O reaction in
the absence and in the presence of oxygen. Once more, the superiority of ceria nanorods,
exposing the {100} and {110} crystal facets, was revealed with the addition of cobalt phase
greatly enhancing the decomposition of N,O. Cobalt-ceria nanorods with improved redox
and textural properties, along with their abundance in Co* species, exhibited the best
deN,0 performance.

Chapter 4 also focuses on the optimization of the deN,O performance through the fine-
tuning of the local surface chemistry of copper-ceria binary oxides by means of both
synthesis procedure and surface promotion. According to the results, highly active and
oxygen-tolerant Cu/CeO, composites can be obtained through their pre-optimization by co-
precipitation and subsequent alkali (Cs) promotion, with the sample of 1.0 at Cs per nm?
offering a half-conversion temperature ca. 200 °C lower as compared to that of a reference
Cu/CeO, sample, due mainly to the modifications in the electronic and redox properties

induced by the alkali addition. The superior deN,O performance of the Cs-doped Cu/CeO,



samples can be attributed to their enhanced reducibility and abundance in partially reduced
copper species (Cu®) stabilized through alkali-aided metal-support interactions.
The following publications were derived from the above-discussed results:

6. Maria Lykaki, Eleni Papista, Sonia A. C. Carabineiro, Pedro B. Tavares and Michalis
Konsolakis, "Optimization of N,O decomposition activity of CuO—CeO, mixed oxides
by means of synthesis procedure and alkali (Cs) promotion"”, Catalysis Science &
Technology 8 (2018) 2312—-2322. doi: 10.1039/c8cy00316e

7. Maria Lykaki, Eleni Papista, Nikolaos Kaklidis, Sénia A. C. Carabineiro and Michalis
Konsolakis, "Ceria Nanoparticles' Morphological Effects on the N,O Decomposition
Performance of Co;0,/CeO, Mixed Oxides", Catalysts 9 (2019) 233.
doi:10.3390/catal9030233

Chapter 5 deals with the impact of ceria's morphology (nanorods and nanocubes) in
combination with the effect of active phase nature on the physicochemical properties and
the CO, hydrogenation performance at atmospheric pressure of ceria-based transition metal
catalysts, M/CeO, (M: Cu, Co, Fe, Ni). In particular, CO, conversion followed the order:
Ni/CeO, > Co/Ce0, > Cu/Ce0, > Fe/Ce0, > Ce0,, independently of the support morphology.
On the basis of selectivity results, it should be mentioned that bare ceria, Cu/CeO, and
Fe/CeO, samples were very selective for CO production, whereas Co/CeO, and Ni/CeO,
catalysts were highly selective towards methane (CH,).

The following publications originated from the above results:

8. Michalis Konsolakis, Maria Lykaki, Sofia Stefa, Sonia A. C. Carabineiro, Georgios
Varvoutis, Eleni Papista and Georgios E. Marnellos, "CO, Hydrogenation over
Nanoceria-Supported Transition Metal Catalysts: Role of Ceria Morphology
(Nanorods versus Nanocubes) and Active Phase Nature (Co versus Cu)",
Nanomaterials 9 (2019) 1739. doi:10.3390/nan09121739

9. Georgios Varvoutis, Maria Lykaki, Sofia Stefa, Eleni Papista, Sonia A. C. Carabineiro,
Georgios E. Marnellos and Michalis Konsolakis, "Remarkable efficiency of Ni
supported on hydrothermally synthesized CeO, nanorods for low-temperature CO,
hydrogenation to methane", Catalysis Communications 142 (2020) 106036. doi:
10.1016/j.catcom.2020.106036

Chapter 6 constitutes the final chapter, summarizing the conclusions derived by the research
conducted in the context of the present thesis and offering new perspectives towards the
rational design and development of highly active/selective catalytic composites for energy

and environmental applications.



EKTETAMENH 2YNOWH & AOMH EPrAzIAz

To o&eidlo tou Snuntpiou n dnuntpia (Ce0,) amoteAel £va amod to MAEOV XPNOLULOTMOLOUEVA
UALKQ OTOV TOPEN TNG ETEPOYEVOUC KATAAUGNC AOYW TWV HovaSIKwV 0EEL60avaywyLKWY TOU
L6LOTATWY, OL OMOiEC AMopPPEOUV KUPLWE amd TNV LkavoTNTd Tou va deopelel/anodsopelst
ofuyovo avaloya pe to meplBdrlov (0eldwTikd N avaywylko) TN avrtidpaonc. Koatd tn
Slapkela tng dekaetiag¢ tou '80, n emtuxng xpnon ING Snuntpilag otoug TPLoSIKOUC
KOTOAUTIKOUCG HETATpOTEl odnynoe otnv emakoAouBn edapuoyn TG o TANBwpa
TEPPBAANOVTIIKWY KOl EVEPYELOKWY €GOPUOYWY, OL OMOILEC CUUMEPAAUPAVOUY, UETALY
AA\wv, TV texvoloyia Twv KUPEAWV KAUGLHOU, TNV KOTOAUTLKA OITOUAKPUVON TTNTKWY
opyavikwy evwoewV (VOCs), ofeldlwv Tou alwtou (NOx), urto€etdiou tou alwtou (N,0), kKA.
EruumAéov, ta ofeidlo petdAAwv Boolopéva ota PETAANQ LETATTWONG, £XOUV TIPOCEAKUGCEL
8Laitepo epeuvnTIkO eVvOLOPEPOV WC TIPOC TNV QVTLKATAOTACH TWV OTAVIWY Kal tdlaitepa
vPnAoU kGoToUC eVYEVWV PETANWY. I8Llaitepa, o cuvduaopog Tng Snuntplag pe ¢ponva Kat
ev adBovia pétarla petdntwong, onwg Cu, Co, Ni, Fe, umopei va 08nynosl, péow Kupiwg
OUVEPYLOTIKWY OAANAeTISpAoewv HETAAAOU-DOPEN, OFE ONUOVTLK TPOTOTMOINoN TwvV
DUOLKOYXNUKWVY BLOTATWY TWV TIPOC aVATTUEN UALKWY, OL OTIOLEG KATOTLV aVTAVAKAWVTAL
OTNV KOTOAUTIKN oupumepldopd. Qotdoo, Stadopotl aAANAOCXETIOEVOL TTOPAYOVTEG, OTIWG N
popdoroyia, To péyebog, n ovotacn, N XNULKA KATACTAON, TO NAEKTPOVIAKO TeplBAAlov
MTopoUV Vo EMNPEACOUV CNUOVTLKA TNV TOTUKH €MLdAVELOKA XNUELA TwV HeTAAAOEELSIWY,
KoBwg Kol TG aAAnAemdpAdoelg PeTAAAOU-PopEa eMNPeAlOVIAE OE ONUOVTIKO BaBud tn
MOKPOOKOTIK  KATOAUTIK) OCUMMEPLPOPA OQUTWYV TWV  TIOAU-AELTOUPYIKWY  UALKWV.
ErunpdoBeta, ta UALKA ot eminedo vavo-kKAlpaKag mapouctdlouv Hovadikd XOpaKTNPLOTIKA
AOyw Ttou uPnlol Adyou emidpAvelag/Oykou Kol TWV  LOLAITEPWY  NAEKTPOVIOKWV
XOPOKTNPLOTIKWY TWV VOVO-OWHATLS WV, YEYOVOG TIOU aVTAVOKAATOL OTLG EMLAVELOKES TOUG
LLOTNTEG KoL TNV KOTAAUTIKY Toug armtddoon.

Mpo¢ tnv KatelBuvon NG OVATMTUENG Vavo-SOUNUEVWY KATAAUTIKWY OCUCTNUATWY UE
TipoKaBopLopévn eTLpaVELOKN XNHELR, OL EPEUVNTIKEG MPOOTIABELEC, TA TEASUTALA XPOVLD,
€xouv emikevipwBel oe dUo kuplwg SladopeTikég pooeyyioelg, oL omoleg pmopouv va
edappootolv avefaptnta r ev cuvepyeia: (i) ebappoyn mponyuévwy pebodwv cuvBeong pe
OKOTO TNV avamtuén vavoUAlkwv mpokaboplopévng popdoloyiag, i) KatdAAnAn
TPOTIOTOLNGCN TWV EYYEVWV XAPAKTNPLOTIKWY TOU KATOAUTN HECW TNG MPooOnKNnG SOMKwWY
/Ko EMLPOVELOKWY EVIOXUTWV.

Eni ™) Pdon tng mapamdvw avaluong, otoxog tng mopouoag SL8OKTOPIKAG SlatpLpng

amoteAel n avamntuén vavo-6oUNUEVWY KATOAUTIKWY CUCTNUATWY METAAAWV PETAMTWONG
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Baoctopévwy otn Snuntpia, amoAlaypévwy euyevwyv PeTAMwv, tTng popdng M,0,/CeO,
(ede€nc oupBolilovror wg M/CeO, ylo Adyouc cadrvelag, Omou to M avtlpoowneVEL Ta
Cu, Co, Fe, Ni), péow mponypévwyv HeBOSdwV oUvBeong, oL omoleg wotdco Ba
xapaktnpilovtal amd XounAod KOOTOG Kol omAEC Sladlkooieg. Juykekplpéva, Sldadopeg
uEBobSoL oUvBeong, omwg Bepuikn Stdomaon, kataBuBbion, udpoBepuLKkn, LYPOG EUMOTIOMOCG,
Xpnolgomnolntnkav Kot LEAeTHONKe N enMidpach Toug oTO GUOLKOXNHLKA XOPOAKTNPLOTIKA KoL
NV KOTOAUTIKN oupmepldopd (evepydtnta, €KAEKTIKOTNTO, OTAOEPOTNTA) TWV TPOG
OVATTUEN UALKWVY HECW HLOC EKTETAPEVNG HEAETNG XAPAKTNPLOMOU, N omola mepleAdppave
1000 ex situ 600 Kal in situ TEXVIKEG, OMwC poopodnon N, otoug —196 °C (uéBodog BET),
daopoatookonia nepiBAaong aktivwv X (XRD), paocpatookornia ¢pBoplopol aktivwy X (XRF),
daopatookonia dwrto-nAektpoviwv aktivwv X (XPS), Bepuo-mpoypappati{lOUeVn avoywyr
(TPR), nAektpovikfi uHikpookomia odpwonc/Siédevong (SEM/TEM) kat doaopatookortia
Raman. OL kUpleg emISpAOELS TNC KATAANANG TpoTomoinong Tou HeyEBoug, OXNUATOCG Kal
NG NAEKTPOVLIAKNC KOTAOTOONG OTnNV KatdAuon Slepeuvwvtal emi tn BACH GNUOVTIKWY
ETEPOYEVWV aVTIOPACEWY, OTwC N ofeidwon tou CO, n Siwdomacn tou umofeldiov Tou
alwtou Kal n udpoyovwon tou CO, mpoc¢ mpoiovta uPnAng mpootiBépuevng agiag.
JUYKEKPLUEVE, N Tapoloo SLOOKTOPLK SLoTPLBr EMLKEVIPWVETOL OTOUG akOAouBoug

£PEVVNTIKOUG OTOXOUG:

(i) Enidépaon tng popdoloyiag tng Snuntplag otic SOUKEC ATEAELEG Kol TNV
emupavelakr xnUeia,

(ii) E€aptwpevn amé to KpuotaAloypadikd emineba  SpacTikoTnTA  TWV
UTIOOTNPLYUEVWY OTN SNUNTPLO KATAAUTIKWY UAKWY LETAAWY LETATTWONC,

(iii) KatdAAnAn tpomomoinon 1tnG TOTUKAG EeMlpAVELDKNG XNUELAG Tpog TNV
KkateBuvon NG avamtuéng KOTaAUTIKwY UAWLKwY UPnAAg evepyotntag,
eKAeKTIKOTNTAG Kal oTtaBepdTNTAC YIA TOWKIAEG €VEPYELAKEC/TEPBAANOVTIKEG
ebopuoyeg,

(iv) OpBoAoyLkdg oxeSLOOUOG KAl AVATTTUEN KATOAUTIKWY UALKWY XOUNAOU KOOTOUC,
amaAAQyUEVWY  EUYEVWV  METAAWV, HECW  TponyHévwv  UeBOSwv
olvBeong/mpowOnong,

(v) ESpaiwon afomiotwy ox€oswv Soung-6paotikdtnTag mpog thv Kateubuvon g

OVASELENC ONUAVTIKWY SELKTWV SpaoTIKOTNTOC
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Ent t™n PBdaon tn¢ mapamdavw Tmeplypadng, n mapovca OSidaktoplk Statppr  eival
SlapBpwpévn ota katwoL kedalala:

To Kedpalawo 1 mapouctdlel tn BiBAoypadiky avackomnon oavadoplkd HE TIG TIUO
npoodatec e€elifelg oto nedio tou opBoAoylkol oxedlaouol KAataAUTwY BaCLOUEVWY OTN
énuntpia, &ivovtag éudaon otnv emibpoacn Tou peyéBoug, TOU OXAUATOC KOl TOU
NAEKTPOVLIAKOU/XNULIKOU TIEPLBAAAOVTOC OTNV KATOAUTLKY CUUTEPLPOPA. ZUYKEKPLUEVA, HE
Bdon to kataAutiké cvlotnua Cu/CeO,, oL KUpleg emISpAoel; Twv TpoavodepBEvTwy
mapayoviwv oe dLadopeg ePpaployEC TNG ETEPOYEVOUC KATAAUONG, OMwE n ofeldwan Tou
povoteldiouv tou avBpaka (CO), n Sidomaon tou N,O, n ekhektiki ofeidwaon tou CO (CO-
PROX), n avtidpaon petatomniong tou udpaepiou (WGSR) kat n udpoyovwon tou Slogetdiou
Tou avBpaka (CO,) mpog nmpoiovra vPnAng mpootBpevng aiag, avantiooovral Sle€odika.
H mapandavw £pguva 0brynoe otn dnpocieuon twv akdAovBwv apBpwv avackonnong:

1. Michalis Konsolakis and Maria Lykaki, "Recent Advances on the Rational Design of
Non-Precious Metal Oxide Catalysts Exemplified by CuO,/CeO, Binary System:
Implications of Size, Shape and Electronic Effects on Intrinsic Reactivity and Metal-
Support Interactions", Catalysts 10 (2020) 160. doi: 10.3390/catal10020160

2. Michalis Konsolakis and Maria Lykaki, "Facet-Dependent Reactivity of Ceria
Nanoparticles Exemplified by CeO,-Based Transition Metal Catalysts: A Critical
Review", Catalysts 11 (2021) 452. doi: 10.3390/catal11040452

To Keddlawo 2 avadEpetal 0TO MEPAPATIKO HEPOC TN £pyaoiag, mMopouclaloviag TiG
puebodoug olvBeong mou akoAouBABNKAV yla TV AVANTUEN TwV UALKWY, KaBwg Kol TIg
TEXVLKEG XOPOKTNPLOMOU KAl KATAAUTIKAG ATOTIUNONG.

Yta kepolalwa 3-5 mapouctdalovrol Kol OvamTUooOVTIaL TA QMOTEAECHOTA KOTOAUTLKAG
afLoAoynong ev MoPoAANAW HE TG LEAETEC XAPAKTNPLOUOU LE ATIWTEPO OTOXO TNV £dpaiwaon
LOXUPWV OXECEWV SOUNG-6pAOTIKOTNTAG.

To Kedahauwo 3 neplypdadel tnv enibpaon Twv MApAUETPWY CUVOESNC OTLG LOLOTNTEG OTEPEAS
KOTAOTAONG KOL TNV KATAAUTIKN cupnepldopd, wg mpog tnv ofeidwon tou CO, Twv kabapwv
UTIOOTPWUATWY dnuntplag. Mo ouykekpluéva, Tpelg Sladopetikég péBodol olvBeaong
(Bepuikny Swaomaocn, katafuBion kat n ubdpoBepuikn pEB0SOG XapnAng kat uvdnAng
ouykévtpwong NaOH), oL omoieg xapaktnpilovral amé YapnAo KOOToG Kol CUVIOUOUG
XpoOvoug ouvBeong, xpnolpomowiOnkav ywa tn olvBeon twv UAKKWV Snuntplag. H
uvSpoBepuLkr HEBoSOC BpeOnke OTL 0dnyel og vovo-ocwWHOTISW SNUNTPLOC CUYKEKPLUEVNG
popdoloyiag (vavo-paBdol, vavo-moAledpa, vavo-kUBol) kot HeYAANG e8IkNAG emdavelag

(> 90 m? g'), pe Tg vavo-pdBdouc va Topouctdlouv TN PEATIOTN  KwNTKOTNTA
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€UUETABANTOU MAEYUOTIKOU 0EUYOVOU, 0ONYWVTOC OE EVIOXUUEVN aVAyWYLKA LKOVOTNTA Kol
KOTAAUTIKN amodoon.
EmutAéov, 10 Keddhaio 3 mapouocialel tv emnibpaocn tng popdoloyiag tou dopéa
Snuntpiag (kUPBot, moAuedpa, paBdol) ota GUCLIKOXNULKA XOPOKTNPLOTIKA KOl OTnV
KOTAAUTIKI) oupmepldopd UTIOOTNPLYUEVWY UETAAAWY petamtwong, ntot M/CeO, (M: Cu,
Fe). H popdoloyia tou dopéa BpeBnke va emnpedlel CNUAVTLIKA TG GUCIKOXNULKEG LOLOTNTEG
TWV ULKTWV OEELSLWV E ONUAVTLKNA EMSpAON oTNV KATAAUTIKA amodoorn. AvadeixBnke otL n
popdoloyia TG SnUNTelag KL OXL TA XAPAKTNPLOTIKA udrc/Soung eival o mapdyovtag mou
EMNPEAlEL O ONUAVTIKO BaBuo TNV avaywylkr LKovOTNTa KAl TNV KWNTLKOTNTA 0fuyovou
Twv UKTwv ofeldlwy, akodouBwvtag Tn oelpd: vavo-pafdol > vavo-moAledpa > vavo-kuBol,
UE TG vavo-paBdoug Snuntplag va mapouoidlouv adBovia os SOUIKEG ATEAELEG KAl KEVEG
B£oe1g ofuyovou. H mpoaBrkn tou petdAlou (xaAkog r oibnpoc) ota kabapd umooTpwHATA
Snuntpiag PBeAtwwvel Bsapatikd tnv amodoon ofeldwong tou CO, xwpic wotéco va
EMNPEALEL TN OElPA SpaCTIKOTNTOG TwV KabBapwv Ppopéwv, dnladn vavo-paBdoL > vavo-
moAUedpa > vavo-kUBol, katadelkviovtag To poAo KAeLSL tng popdoroyiag tou dpopéa. To
Selypa xaAkou-6nuntpiag vavo-paBdosldoug popdoloyiag BpéBnke va emdelkvUeL TARPN
petatportj tou CO oe oAU xapnAr Beppokpacia (~100 °C), dvtag omo TG XapunAOTEPEC o
£xouv kotaypadel yla umooTnpLyUEVOUC KOTAAUTEG YaAkoU. Kotd mapopolo Tpormo, oL vavo-
paBdoL owdnpou-dnuntpiag mopouctdlouv TN PEATIOTN KATOAUTLKA cupmepldpopda,
emnidelkviovtac wotooo MARPN Hetatpont tou CO os vPnAotepeg Beppokpaoieg (~250 °C)
£V OUYKploel pe TOUuG avtioTolyoug KOTAAUTEG XOoAkoU. To TteAeutaio avodelkvUel TO
ONUAVTIKG pOAo Kal NG duong tng evepyol ddaong os cuvduaoud pe tn popdoloyia tou
dopéa. Emi tn BAon evog unxoviopoU tumou Mars-van Krevelen, avadeixBnkav oteveg
oAANAOCUCXETIOELG QVAPECO OTNV  KATOAUTIK OUUTEPLPOpA KAl T TOPAKATW
Mapap€Tpouc: i) v adbovia oe acBevwg ouvdedepéva €idn ofuydvou, ii) Tov OXeTIKO
TMANBuoud oe ofeldoavaywyd Levyn Cu’/Ce™, iii) Tnv oxetik adBovia oe atéAeleg Kat
KEVEG BEoeLg oEuyovou.
Ta amoteAéopata tou kepohaiou autolu SnpoolelTnKAV ota akOAouBa EMLOTNLOVIKA
neplodiKa:
3. Maria Lykaki, Eleni Pachatouridou, Eleni lliopoulou, Sénia A. C. Carabineiro and
Michalis Konsolakis, "Impact of the synthesis parameters on the solid state
properties and the CO oxidation performance of ceria nanoparticles", RSC Advances

7(2017) 6160-6169. doi: 10.1039/c6ra26712b
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4. Maria Lykaki, Eleni Pachatouridou, Sénia A. C. Carabineiro, Eleni lliopoulou,
Chrysanthi Andriopoulou, N. Kallithrakas-Kontos, Soghomon Boghosian, Michalis
Konsolakis, "Ceria nanoparticles shape effects on the structural defects and surface
chemistry: Implications in CO oxidation by Cu/CeO, catalysts", Applied Catalysis B:
Environmental 230 (2018) 18-28. doi: 10.1016/j.apcatb.2018.02.035

5. Maria Lykaki, Sofia Stefa, Sonia A. C. Carabineiro, Pavlos K. Pandis, Vassilis N.
Stathopoulos and Michalis Konsolakis, "Facet-Dependent Reactivity of Fe,0;/CeO,
Nanocomposites: Effect of Ceria Morphology on CO Oxidation", Catalysts 9 (2019)
371. doi:10.3390/catal9040371

To Keddalaio 4 neplypdadel tnv enidpacn tng popdoloyiag tou dopéa Snuntplag otig
DUOLKOXNIUKESG LOLOTNTEG KOL OTNV KATAAUTIKI cUTEpLPOPA WG Pog tn diaomacn tou N,O
TWV HIKTWY ofeldiwv koPBaAtiou-Snuntplag. Juykekpluéva, vavo-cwpatibia Snuntplag
OUYKEKPLUEVNG Hopdoloyiag (vavo-paBdol, vavo-moAuedpa, vavo-kUBoL) mapaokeuAaTNKAV
HEOW TNG USPOBEPULKNG HEBOSOU Kal XpNOLUOTIONONKOV WG UTTOOTPWHATA Yo To ofeidlo
Tou KoPBaAtiou. OL KataAUTEG KOPAATIOU-ONUNTPILOC AMOTUAONKAV KOTOAUTIKA KATA TNV
avtidpaon didomaong tou N,O, amouacia kal mapoucio ofuyovou. H avwTepOTNTA TWV VAVO-
paBdwv dnuntpiag otic omoieg ektibevral ta kpuotalloypadikd emnineda {100} kat {110},
avadelxbnke Kal katd tnv ev Aoyw avtidpaon. Ot vavo-paBdol kofaAtiou-6nuntpiag pe ta
BEATIOTO XAPAKTNPLOTIKA avaywyng Kol VoG, KaBwe Kal e TN LeYaAUTEPN CUYKEVTPWON OF
eidn Co™, mapouaotdlouy TV UPNAGTEPN SPOTIKOTNTA WC TN Stdomaon tou N,O.

To KepdAawo 4, eniong, enikevtpwvetol otn BeAtiotonoinon tng Siepyaciag Sidomaong tou
N,O oe ikt ofeldla yahkoUL-Snuntpiag, péow TG Stadoxikng edbapUoyng TPONYUEVWY
neBOdwv ocuvBeonc kal emipavelakng mpowdnong. Afloonuelwta, n emupavelakr evioxuon
pe aAkdAla (Cs) oe mpo-BeAtiotonoinpéva deiypota Cu/CeO, péow tng nebddou clvBeong
(ouykataPubilon) odnynoe otnv mepaltépw PBeATiwon TNG KATOAUTIKAG SPAOTLKOTNTOG,
avadeLKVUOVTAG TNV QTMOTEAECUOTIKOTNTA TNG TIPOTELVOUEVNG OXESLOOTLKNG TIPOOEYYLONG.
Eldkotepa, ta deiypata Cu/CeO, mapackeuaopéva e cuykataBuBion Katl emakoAouba
gVIoYUMEva pe 1.0 at Cs/nm’” emédetfav Beppokpaoio NUicelag PHeTaTpomc mepimou 200 °C
XOUNAOTEPN OUYKPLTIKA pe To Oeiypo avadopdg Cu/Ce0,. H avwrepdTnTa TWV
npowOnuévwy pe Cs dstypdtwy Cu/Ce0, pmopei va amodobei otn BeAtiwuévn avaywyikn
TOUG LKAVOTNTA Kal otV adBovia Toug og HEPIKWE avnyuéva eidn xahkol (Cu’), Ta onoia
otaBeponoolvtal péow Twv umoBonBolpevwv am' To OoAKAAL0 aAAnAsmiSpdaocswv

petaAou-dpopéa.
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Ta amoteAéopata tou KepoAaiou autoU OSnUOCLEUTNKAV OTO OKOAOUBA EMLOTNUOVIKA
TEPLOSIKAL:

6. Maria Lykaki, Eleni Papista, Sonia A. C. Carabineiro, Pedro B. Tavares and Michalis
Konsolakis, "Optimization of N,O decomposition activity of CuO-CeO, mixed oxides
by means of synthesis procedure and alkali (Cs) promotion"”, Catalysis Science &
Technology 8 (2018) 2312—-2322. doi: 10.1039/c8cy00316e

7. Maria Lykaki, Eleni Papista, Nikolaos Kaklidis, Sénia A. C. Carabineiro and Michalis
Konsolakis, "Ceria Nanoparticles' Morphological Effects on the N,O Decomposition
Performance of Co;0,/CeO, Mixed Oxides", Catalysts 9 (2019) 233.
doi:10.3390/catal9030233

To Kedalawo 5 mapouoialel tnv enidpoaon t¢ popdoloyiog tou dopéa dnuntpiag (vavo-
paBséol kat vavo-kUBol) og cuvbuaouo pe tn uaon tNg evepyol GAoNG OTLG GUCLKOXNULKEG
LOLOTNTEC KOl 0TNV KATAAUTLKA CUMTEPLPOPA, WE TTPOG TNV avtibpach udpoyovwaong tou CO,
ot OTUOOdOLPIKN TilEOn, Of KOTOAUTEG UETOAAWV PETANMTWONG UTIOOTNPLYUEVOUG OTh
dnuntpia, M/CeO, (M: Cu, Co, Fe, Ni). Bpgbnke 6tL n petatpornr tou CO, akoAouBei tnv €A ¢
oslpd: Ni/CeO, > Co/Ce0, > Cu/Ce0, > Fe/Ce0, > Ce0,, avefaptnta arnod tn popdoloyia tou
dopéa. Emi tn BAon Twv amMOTEAECUATWY EKAEKTIKOTNTOC, SLATMIOTWONKE OTL OL KATAAUTEG
kaBapncg Snuntpiag, Cu/Ce0, kat Fe/CeO, eival ekAekTIKol w¢ tpo¢ TNV mapaywyn CO, evw
ol kataAuteg Co/CeO, kat Ni/CeO, sival Slaitepa ekAektikol wg mpog to pebavio (CH,).
ISLatépwg, 0 oUVSUACHOC TOU VIKEAIOU HE TIG vovo-paBdoug Snuntpiag euvoel onuavtika
v avtibpaon pebaviwong evw n avtidpaocn tng avtiotpodng petatomiong udpoaepiou
(rWGS) euvoeital ot vavo-paBdoug xaAkoU-6nuntpiag. Kat ot Suo TMEPUTTWOELS
erutelXOnkav amodooelg TANClov Twv Bepuoduvaplkwy opiwv Katadelkvioviag tnv
QVWTEPOTNTA TWV TPOG AVATITUEN UALKWV.

Ta amoteAéopata tou kepoaAaiou autoUu SnpoolelTNKAV OTa aKOAouBa EMLOTNLOVIKA
TLEPLOSIKAL:

8. Michalis Konsolakis, Maria Lykaki, Sofia Stefa, Sonia A. C. Carabineiro, Georgios
Varvoutis, Eleni Papista and Georgios E. Marnellos, "CO, Hydrogenation over
Nanoceria-Supported Transition Metal Catalysts: Role of Ceria Morphology
(Nanorods versus Nanocubes) and Active Phase Nature (Co versus Cu)",
Nanomaterials 9 (2019) 1739. doi:10.3390/nan09121739

9. Georgios Varvoutis, Maria Lykaki, Sofia Stefa, Eleni Papista, Sonia A. C. Carabineiro,
Georgios E. Marnellos and Michalis Konsolakis, "Remarkable efficiency of Ni

supported on hydrothermally synthesized CeO, nanorods for low-temperature CO,
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hydrogenation to methane", Catalysis Communications 142 (2020) 106036. doi:
10.1016/j.catcom.2020.106036
To KedpdAaro 6 anoteAel To teAeutaio kepdAalo, To omoio cuvoPilel Ta CUUMEPATHATO TNG
eknovnBeioag €peuvag, oto mAaiolo TnG mapovoag ddaktoptkig StatpPng, mpoteivovtag
OUYXPOVWCE, KOTELBUVOELG yla LeAAOVTIKN €pguva w¢ PO Tov opBoAoyLkO oxeSlaopud Kal
TNV AVAmTuEn KATAAUTIKWY UALKWY UPNARC evepydTNTOG/eKAEKTIKOTNTOG YLOL EVEPYELOKEG KO

niepBarNoOVTIKEG edapPHOYEC.
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CHAPTER 1

Rational Design and Optimization Strategies of Non-

Precious Metal Oxide Catalysts: Literature Review

Chapter 1 aims at providing

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

routes. Initially, the basic

principles of size, shape and

electronic engineering (e.g., through advanced synthetic routes, special pretreatment protocols,
alkali promotion, chemical/structural modification by reduced graphene oxide (rGO)) are
discussed. It was clearly disclosed that fine-tuning can exert a profound influence not only on the
reactivity of metal sites in its own right, but also to metal-support interfacial activity, offering
highly active and stable materials for real-life energy and environmental applications. Then, the
main implications of size-, shape- and electronic/chemical-adjustment in catalysis are exemplified
on the basis of CuO,/CeO, binary system during some of the most relevant applications in
heterogeneous catalysis, such as CO oxidation, N,O decomposition, preferential oxidation of CO
(CO-PROX), water gas shift reaction (WGSR) and CO, hydrogenation to value-added products, are

thoroughly discussed.
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INTRODUCTION

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

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

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

On the other hand, metal oxides (MOs) prepared from earth-abundant and inexpensive transition
metals have attracted considerable attention as alternatives to rare and remarkably expensive
NMs, due to their particular features, such as enhanced redox properties, thermal stability and
catalytic performance in conjunction to their lower cost [2,3,35-43,5,28—-34]. The latter is clearly
manifested in Figure 1.1, which schematically depicts the cost of noble metals in comparison with
copper (a typical transition metal massively involved in MOs) for a five-year period. It is evident

that the price of noble metals is larger than that of copper by about four orders of magnitude.
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Figure 1.1. Relative comparison of noble metal and copper metal prices over a five-year period.
Data taken from https://www.infomine.com. Adapted from Reference [44]. Copyright® 2020,
MDPI.

Mixed metal oxides (MMOs) appropriately prepared by admixing two or more single metal oxides
in a specific proportion, have lately gained particular attention, since they exhibit unique structural
and surface properties, which are completely different from that of parent oxides. Amongst the
numerous MOs, transition metal-based oxides have gained particular interest, due to their
peculiar chemisorption capacity, linked to partially filled d-shells [45,46]. For instance, Cu-based
oxides can catalyze a variety of reactions following a redox-type mechanism (e.g., photocatalysis),
due to the wide range of Cu oxidation states (mainly Cu’, Cu', Cu"), which enables reactivity in
multi-electron pathways. On the other hand, reducible oxides, such as ceria, not only provide the
basis of active phase dispersion, but could have a profound influence on the intrinsic catalytic
activity, through metal-support interactions, as will be further discussed in the sequence. In
particular, ceria or cerium oxide (CeO,) has attracted considerable attention, due to its unique
properties, including enhanced thermal stability, high oxygen storage capacity (OSC) and oxygen
mobility, as well as superior reducibility driven by the formation of surface/structural defects (e.g.,
oxygen vacancies) through the rapid interplay between the two oxidation states of cerium
(Ce*/ce™) [2,6,29,47-49]. In addition to these physicochemical advantages of cerium oxide, its
average 2020 price stands at very low levels (ca. 1815 USD/metric ton), with a relative cost trend
of Ce0, < TiO, < Si0, < ZnO < Zr0O,, revealing the economic benefits of ceria-based catalytic

materials [50]. Moreover, ceria's combination with transition metals leads to improved catalytic
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performance, due to the synergy between the metal phase and the support, related to electronic,
geometric and bifunctional interactions [31,51-56]. More importantly, the combination of
reducible oxides (e.g., Ce0O,) with TMs (e.g., Fe, Co, Ni, and Cu) could offer novel catalyst
formulations with exceptional properties, arising mainly from the multifaceted electronic and
geometric interactions amongst the different counterparts [31,51,61-63,52,54-60]. In this regard,
the combination of CuO, and CeO, oxides towards the formation of CuO,/CeO, binary oxides,
offers catalytic activities comparable or even better to NMs-based catalysts in various applications,
such as CO oxidation, N,O decomposition, preferential oxidation of CO (CO-PROX), as lately
reviewed [31].

The peculiar reactivity of CuO,/Ce0O, system arises not only from the distinct characteristics of
individual CuO, and Ce0Q, phases, but mainly from their synergistic interactions. More specifically,
the synergistic effects between the different counterparts of MOs can offer unique characteristics
(e.g., improved reducibility, abundant structural defects, etc.), reflected then on the catalytic
activity [31,58,64-68]. Various interrelated factors are usually considered under the term

"synergy", involving among others:

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

(iv) The interplay between interfacial redox pairs (e.g., Cu®*/Cu” and Ce*'/Ce").

In view of the above, very recently, the modulation of metal-support interactions as a tool to
enhance the catalytic performance was thoroughly reviewed, disclosing that up to fifteen-fold
productivity enhancement can be achieved in reactions related to C1 chemistry by controlling
metal-support interactions [63]. However, it is well established today—thanks to the rapid
development of sophisticated characterization techniques—that various interrelated factors, such
as the composition, the size, the shape, and the electronic state of MOs different counterparts can
exert a profound influence on the local surface chemistry and metal-support interactions, and in
turn, on the catalytic activity of these multifunctional materials [6,49,73-79,53,54,59,62,69-72]. 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 modifying
not only the reactivity of metal sites in its own right, but also the interfacial activity, offering highly

active and stable materials for real-life energy and environmental applications (Figure 1.2).
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Figure 1.2. Schematic illustration of metal oxides' (MOs) fine-tuning by adjusting their size, shape,

composition and electronic/chemical state.

In light of the aforementioned issues, the present chapter aims at exploring the basic principles of
MOs fine-tuning by modulating the size, shape and electronic/chemical state by means of
appropriate synthetic/promotional routes. The implications of size, shape and electronic/chemical
effects in catalysis will be next exemplified on the basis of state-of-the-art catalytic applications of
Cu0,/Ce0, binary oxide, involving CO oxidation, N,O decomposition, preferential oxidation of CO
(CO-PROX), water gas shift reaction (WGSR), and CO, hydrogenation to value-added

chemicals/fuels.

1.1. FINE-TUNING OF METAL OXIDES (MOs)

Heterogeneous catalysis traditionally refers to a chemical reaction taking place on the surface of a
solid catalyst, involving the adsorption and the activation of reactant(s) on specific active sites, the
chemical transformation of adsorbed species and the products' desorption. Thanks to the rapid
development of both in situ and ex situ characterization techniques, it is well acknowledged that
the elementary reaction steps are strongly dependent on several parameters involving the size,
the shape, the electronic state of individual particles, as well as on their interfacial interactions.
Hence, the macroscopic catalytic behaviour can be considered as the outcome of interactions
between reactants, intermediates and products with the micro(nano)scopic coordination
environment of surface atoms, involving geometric arrangements, electronic confinement, and

interfacial effects, among others. In view of this fact, the modulation of the above-mentioned
5
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parameters can profoundly affect the local surface structure and chemistry with great implications
in catalysis. It should be mentioned, however, that due to the interplay between structural and
chemical factors, it is quite challenging to disclose the fundamental origin of catalytic
performance. Thus, it is of vital importance to establish reliable structure-property relationships,
unveiling the particular 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 reactivity by adjusting the above-mentioned parameters either in
one or both counterparts. In the following, the basic principles of size, shape, and
electronic/chemical effects are provided. However, it should be mentioned here that all factors
are interrelated; 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 size and shape at the nanometer scale. Nowadays, it has been both experimentally and
theoretically revealed that the surface, structural and electronic properties of nanoparticles (NPs)
differ essentially from the corresponding bulk properties. In general, by decreasing the particle
size of metal oxide particles down to few nanometers (e.g., <10 nm), a dramatic increase in activity
can be generally obtained, attributed to "size effects". This size-dependent reactivity can be
ascribed to different contributions, namely: (i) quantum size effects, (ii) presence of low
coordinated atoms into nanoparticles' surface, (iii) electronic state of the surface, (iv) strong
interparticle interactions. Hereinafter, the particular effect of every contribution is shortly
presented for the sake of following discussions in relation to the fine-tuning of MOs. For additional
reading, several comprehensive articles in this topical area are recommended
[31,54,69,70,72,73,77,80].

In particular, by decreasing the size of a material down to nanometer scale, the surface-to-volume
ratio is largely increased, resulting in an increased population of surface sites, being the active
sites in catalysis. Besides the modulation of the fraction of atoms on the topmost surface layer, the
number of atoms at corners and edges, being considered more active than those at planes, is
considerably increased by decreasing the size. More specifically, size decrease leads to a high
density of under-coordinated atoms with exceptional adsorption and catalytic properties
[54,69,73,81-85]. Typically, surface sites with low coordination number (CN) demonstrate
stronger adsorption ability as compared to those of high CN [69,77,86]; linear relationships

between the adsorption energy of various adsorbates and the coordination number have been
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found for several transition metals, including among others non-precious metals, such as Cu, Ni,
and Co [87,88]. 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 atoms can undergo
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
nanometer scale, the so-called quantum effect or confinement effect is taking place, arising from
the presence of discrete electronic states as in the case of molecules [69,72,73,80,89]. 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 than ca. 2 nm as compared to bigger ones, with great
implications in CO oxidation [90-93].

Recently, thanks to the introduction of new generation sophisticated characterization techniques
(e.g., high-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM),
extended X-ray absorption fine structure (EXAFS)) and computational methods (e.g., Density
Functional Theory (DFT) calculations), an indirect size effect linked to the metal-support
interactions is clearly revealed. More specifically, even small perturbations between metal
nanoparticles and oxide carriers, due to charge transfer between particles, local electric fields,
morphological changes, "ligand" effect, etc., can induce a substantial modification in catalytic
activity [31,52,58,61,94-96]. To more accurately describe these phenomena, the term Electronic
Metal Support Interactions (EMSI) has been recently proposed by Campbell [97] in contrast to
classical Strong Metal Support Interactions (SMSI). In view of this concept, tiny metal clusters
composed of a few or even single atoms could play a dominant role in catalysis, despite the fact
that they do not account for more than a few percent of the total metal content [31,52]. In view of
this fact, it has been shown that by controlling the metal (Ni, Pd, Pt) nanocrystal's size, the length
of metal-ceria interface is appropriately adjusted with significant implications in CO oxidation;
normalized reaction rates were dramatically increased with decreasing the size, due to the
increased boundary length.

As an additional implication of size-dependent behaviour, the significant effect of particle size on
structural defects of reducible carriers (such as ceria) should be mentioned. In fact, a close
relationship between the crystal size of ceria and the concentration of oxygen vacancies has been
revealed; the large surface-to-volume ratio in conjunction to the exposure of under-coordinated
sites can facilitate the formation of oxygen vacancies and the Ce*" fraction in non-stoichiometric
Ce0,_s NPs [70,98—-104]. Moreover, an inverse correlation between the lattice parameters of CeO,

NPs and particle sizes has been established, attributed to the increase of Ce* and oxygen
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vacancies concentration [70]. A similar trend was recorded between the surface-to-bulk oxygen
ratio and particle size.

Closing this part concerning the size effects, it should be noted, that although particle size
decrease has in general a positive catalytic effect, there is a variation in relation to size-activity
relationships depending on catalyst type and reaction environment. For instance, a positive size
effect could be obtained if the rate determining step (rds) involves the bond cleavage of a reactant
molecule on surface atoms with low coordination number. However, if the same under-
coordinated atoms strongly bind dissociated species (e.g., oxygen atoms) this could lead to the
poisoning of catalyst surface and thus to the negative size effect. In particular, in reactions with no
structure sensitivity, the activity remains unaffected by changes in the particle size (Figure 1.3, line
a), while it could decrease with decreasing particle size (Figure 1.3, line b), referred as negative
particle size effect or antipathetic structure sensitivity, or increase as the particle size decreases
(Figure 1.3, line d), referred as positive particle size effect or sympathetic structure sensitivity [81].
However, the activity may reach a maximum when small particles exhibit a negative effect and

larger particles show a positive one (Figure 1.3, line c) [81].

Particle size (nm) 0

TOF (s™)

Fraction of atoms exposed

Figure 1.3. Turnover frequency (TOF) variation with fraction of atoms exposed and particle size

(see text for a discussion of the curves). Adapted from Ref. [81]. Copyright® 1989, Elsevier.

1.1.2. Shape Effects

Nanostructured catalysts possess unique properties originating from nanoscale phenomena linked
mainly to size effects, commented above, and shape effects. The latter refers to the modification
of catalytic activity through the preferential exposure of specific crystallographic facets on the

reaction environment, also termed as morphology-dependent nanocatalysis [53,69,76,77,84,105—

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

Thanks to the latest advances in materials science, nanostructured catalysts with well-defined
crystal facets can be fabricated by precisely controlling nanocrystals' nucleation and growth rate
[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 subject [6,29,78,84,98,106,108,109]. Various structures with
similar or different dimensions in all directions, such as nanospheres, nanocubes, nanowires,
nanorods, nanosheets, etc., could be obtained.

Ceria's shape control and its implications in catalysis is most probably the most extensively
investigated system among metal oxides in heterogeneous catalysis [2,6,105,108,110—
113,29,49,53,71,75,76,84,98]. The growth rate mechanism of ceria nanocrystals can be affected by
various parameters, such as the basicity or polarity of the solvent [114,115], the aging
temperature [116,117], the precursor compound [118,119], and the impregnation medium [120].
Regulation of nanocrystals' nucleation and growth processes results in specific shapes, such as
rods and cubes [49,78]. Moreover, by altering the physicochemical conditions during the synthesis
procedure (e.g., by the usage of a capping agent), blocking of certain facets or continuous growth

of others may occur, as depicted in Figure 1.4.

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

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

Figure 1.4. Model shapes illustrating an anisotropic growth process 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 in cubic 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 nanoparticles, including
precipitation [120,122,123], thermal decomposition [123,124], template or surfactant-assisted
method [125-128], microwave-assisted synthesis [129-131], the alcohothermal [126,132] or
hydrothermal [123,126,133-137] method, microemulsion [135,138,139], solution combustion
[140,141], sol-gel [142-144], sonochemical [145,146], etc. However, not all methods lead to
particles of well-ordered size and shape with uniform dispersion on the catalyst's surface [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 the acquisition of various nanostructures, such as rods, polyhedra, cubes,
wires [108,118,150-159,123,160,126,133,136,137,147-149]. Ceria nanocrystals have three low-
index lattice facets of different activity and stability, namely, {100}, {110}, {111} [49,107,161], as

shown in Figure 1.5.

b) (100)
(a) Ce (b)

Figure 1.5. (a) Unit cell of the CeO, structure. (b-d) The (100) [or (200)], (110), and (111) planes of
the CeO, structure. Reprinted with permission from Ref. [161]. Copyright® 2003, American

Chemical Society.

The selective exposure of ceria reactive facets can strongly affect the redox properties of ceria and
in turn, its intrinsic characteristics as an active phase or supporting carrier. Popular ceria shapes,
mainly, involve nanorods (NR), nanocubes (NC) and nanopolyhedra (NP). Ceria nanorods, mostly,

expose the {110} and {100} facets, whereas, nanocubes and nanopolyhedra preferentially expose

10
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the {100} and {111} facets, respectively [49,53,107]. By means of both experimental
[84,105,110,150,162,163] and theoretical [113,164-168] studies, it has been shown that the
energy formation of anionic vacancies is dependent on the exposed facets, following the order:
{111} > {100} > {110}. In this regard, the reactivity of ceria nanorods is, in general, increased upon
increasing the fraction of {110} and {100} facets [76].

In view of the above, it has been clearly revealed that the activity and selectivity are strongly
affected by the exposed crystal planes. For instance, the formation rate of ammonia on Fe crystals
follows the sequence: {111} >> {100} > {110} [169]. Similar morphology-dependent effects have
been demonstrated for several noble metal- [106,170] and metal oxide- [53] catalyzed processes.
In this point, it should be mentioned that the shape effects with regard to ceria-based transition

metal catalysts have been comprehensively reviewed in our most recent paper [171].

1.1.3. Electronic Effects

Besides modulating the local surface structure of MOs by size and shape effects, described above,
the fine-tuning of electronic structure by appropriate promoters can be considered as an
additional modulating tool. Promoters hold a key role in heterogeneous catalysis towards
optimizing the catalytic activity, selectivity and stability by modifying the physicochemical features
of MOs, and can be classified into two general categories: structural promoters and electronic
promoters. The first category mainly involves the doping of supporting carrier to enhance its
structural characteristics and in turn, the stabilization of active phase (e.g., incorporation of rare
earth dopants into three-way catalysts [5]). On the other hand, electronic promoters can modify
catalysts' surface chemistry either directly or indirectly. The former mainly includes the
electrostatic interactions between the reactant molecules and the local electric field of promoters.
The latter denotes the promoter-induced modifications on metal Fermi level, which is then
reflected on the chemisorptive bond strength of reactants and intermediates with great
consequences in catalysis. In particular, the "promoter effect"” is related to the changes in the work
function (@) of the catalysts' surface upon promoter addition, accompanied by substantial
modification of its chemisorption properties. The vast majority of electronic promotion over metal
oxide catalysts refers to alkali modifiers. It has been well documented that alkali addition can
drastically enhance the activity and selectivity of numerous catalytic systems, involving among
others Pt-, Pd-, Rh-, Cu-, Fe-based catalysts, in various energy and environmental related reactions
(e.g., [169-174]). Various comprehensive studies have been devoted to the role of promoters in
heterogeneous catalysis, to which the reader can refer for further reading [178-180].

Figures 1.6 and 1.7 depict the "promoter effect" in the case of alkali-doped Co3;0, oxides during

the N,O decomposition [181,182]. A close relationship between the catalytic performance (in

11
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terms of half-conversion temperature, Tso) and the work function (®) was disclosed revealing the
electronic nature of alkali promotion; electropositive modifiers (such as alkalis) can decrease the
work function of the catalyst surface, thus, activating the adsorption/decomposition of electron-
acceptor molecules (such as N,0) [181]. However, at high alkali coverages, depolarization occurs,
due to the strengthening of the alkali-alkali bond at the expense of the alkali-surface bond,

resulting in a work function increase [183].
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Figure 1.6. Correlation of half-conversion temperature (Tsy) with the work function of alkali
promoted Cos0,. Reaction conditions: 5.0% N,0; m¢: = 300 mg; GHSV = 7000 h™ alkali coverage =
~2 at/nm?’. Adapted from Reference [181]. Copyright® 2009, Elsevier.
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Figure 1.7. (a) The half-conversion temperature of N,O (Tso), (b) apparent activation energy (E,)
and (c) work function changes (A®) as a function of potassium loading (0) introduced from K,CO;
and (c insert) KOH precursor. Reproduced with permission from Reference [182]. Copyright® 2008,

Springer Nature.

In this point, it should be mentioned that, depending on the support's nature and crystal planes,
alkali adsorption may lead to surface reconstruction. This surface reconstruction can be explained
by taking into account the structural/electronic perturbations induced by the formation of the
alkali-surface bond [184]. As mentioned previously, the crystallographic orientation of the support
plays an important role in the diffusion rate of the adsorbed species, as well as in their in-between
interaction, resulting in different structural stabilization [184]. For instance, potassium promoter
was shown to stabilize certain iron facets in K-promoted iron catalysts, by inducing changes in the
crystal growth rate, thus, enabling the formation of small particles with abundance in active facets
and affecting the activity and selectivity of the overall system [185]. As shown in Figure 1.8, by
increasing the K/Fe surface atomic ratio, the crystal facets become more stable and the surface

energy is decreased [185]. This clearly manifests the pivotal role of alkali addition towards co-
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adjusting the structural and electronic properties of the catalyst's surface, and in turn, the catalytic

performance.
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Figure 1.8. Surface energy variation versus the surface atomic ratio of K to Fe. Reproduced with

permission from Reference [185]. Copyright® 2011, John Wiley and Sons.

Besides the alkali-induced modifications on the chemisorption properties, significant alterations
on the surface oxygen mobility have been demonstrated; alkali addition could facilitate suprafacial
recombination of oxygen towards molecular oxygen desorption, thus, liberating active sites [31].
Both the electronic and redox modifications induced by alkali addition can exert remarkable
effects on catalytic activity and selectivity, demonstrating the key role of "promoter effect" as an
additional adjusting parameter in catalysis.

It should be noted here, as mentioned in the case of size and shape effects, that the promoter
effect is not always positive. The latter strongly depends on reactants' type (electron donor or
electron acceptor adsorbates) and the work function changes (increase or decrease) induced by
the promoter (electropositive or electronegative). Thus, besides the structure-sensitivity,
commented above, the electronic sensitivity of a given reaction should always be taken into

account, when attempting to co-adjust the size, shape and electronic state.
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1.1.4. Chemical Modifiers

Besides the extensive use of alkalis or alkaline earths as promoters, numerous other chemical
substances can be employed to modulate the local surface chemistry/structure and in turn, the
activity, selectivity and long-term stability of parent catalyst (e.g., [72]). In this regard, metal alloys
(e.g., Au-Ni alloys as reforming catalysts [186], Pt-Sn alloys for ethanol oxidation [187]) are
extensively employed in catalysis towards obtaining highly active and cost-effective catalytic
formulations. Several mechanisms are considered responsible for the enhanced performance of
bimetallic systems, involving mainly structural (strain effects) and electronic (charge-transfer
effects) modifications that can be induced by the interaction between the different counterparts.
The latter substantially modifies the binding energy of adsorbates and the path of chemical
reactions with major consequences in catalysis [52,72].

In a similar manner, chemical substances with unique physico-chemical properties, such as carbon-
based materials, have lately received considerable attention as chemical modifiers or supporting
carriers [73,188]. Various carbon materials, such as carbon nanotubes (CNTs), reduced graphene
oxide (rGO), ordered mesoporous carbon (OMC), carbon nanofibers (CNFs), and graphitic carbon
nitride (g-CsN,), have received particular attention in catalysis after the significant progress in
controlled synthesis and the fundamental understanding of their properties. In general,
nanocarbons (NCs) (Figure 1.9) possess unique physical (large surface area, specific morphology,
appropriate pore structure) and chemical (electronic structure, surface acidity/basicity) properties

arising from their nanoscale confined structures [188].
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Figure 1.9. Representative nanocarbons used for the preparation of catalytic composites.

Reproduced with permission from Ref. [188]. Copyright® 2018, Elsevier.
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The combination of metal nanoparticles (NPs) with carbon materials by means of various synthetic
approaches can exert significant modifications on the structural and electronic surrounding of NPs
with subsequent implications in catalysis [73,188]. For example, confined Fe NPs in CNTs exhibit an
almost twice yield to Cs, hydrocarbons as compared to Fe particles during the syngas conversion to
liquid hydrocarbons [189]. The latter was mainly ascribed to the modified structural and redox
properties of confined Fe NPs within CNTs [73]. Moreover, the application of graphene in catalysis
allows the fabrication of multifunctional materials with distinct heterostructures, which offer quite
different properties as compared to individual materials [188,190,191]. In general, carbon
materials with exceptional structural and electronic characteristics can be effectively employed
either as supporting materials or chemical modifiers, offering unique opportunities towards
modaulating the intrinsic reactivity of MOs. For instance, it has been found that the homogeneous
distribution of copper atoms on the surface of rGO in combination with the outstanding electronic
properties of rGO lead to high electrocatalytic activity, due to the synergy between the two
components [192].

Metal-organic frameworks (MOFs) are another type of supporting carriers/chemical modifiers
consisting of inorganic metal ions or clusters that are bridged with organic ligands in order for one
or more dimensional configurations to be formed [193]. These materials exhibit unique properties,
such as high surface area and porosity, while their complex network consisting of various channels
allows passage in small molecules [194]. The fabrication of MOF-based MOs composites is of great
interest, as it results in the development of materials with tunable properties and functionality.
Metal nanoparticles regarded as the active centres can be stabilized by MOFs through
confinement effects [195]. For instance, Cu, Ni, and Pd nanoparticles encapsulated by MOFs
exhibited high catalytic efficiency, ascribed mainly to the synergistic effects of nanoconfinement
and electron-donation offered by MOF framework [196—-201]. Furthermore, by changing the MOFs
functional groups, products distribution may differ, as a consequence of variations induced in the

chemical environment of the catalytically active sites [202].

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 (e.g., [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,
resulting in diversified catalytic behaviour. It has been reported that defect engineering by a low-
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 oxidation activity of ceria
nanoparticles, offering an additional tool towards the fine-tuning of MOs [203]. Moreover, it has
been documented that the pretreatment protocol (oxidation or reduction) induces significant
effects on the local surface structure of cobalt-ceria oxides affecting the dehydroxylation process
in ammonia synthesis [205]. In a similar manner, oxidative pretreatment of cobalt-ceria catalysts
resulted in an impoverishment of catalyst surface in cobalt species, due to the preferential
existence of cerium species on the outer surface, whereas, cobalt and cerium species were
uniformly distributed on the catalyst's surface through the reduction pretreatment, which gave
rise to the formation of oxygen vacancies [40]. In addition, a strong interaction between gold and
ceria has been observed after O, pretreatment, due to the electron transfer from Au® to ceria,
giving rise to oxygen vacancy formation, lattice oxygen migration, as well as to the formation of
Au**-CO and surface bicarbonate species, favouring, thus, the adsorption of CO and the
desorption of CO, [206]. In terms of T4, CO oxidation performance showed the following order:
0, pretreatment (74 °C) < N, pretreatment (142 °C) < 10% CO/Ar pretreatment (169 °C) [206]. In
view of the above short discussion, the pretreatment conditions can affect the facilitation with
which certain active species are formed on the catalyst's surface, the oxygen mobility or the

formation of oxygen defects, with great implications in the catalytic performance.
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1.2. IMPLICATIONS OF MOs FINE-TUNING IN CATALYSIS EXEMPLIFIED BY CuO,/CeO, BINARY
SYSTEM

In this section, the implications of metal oxides' fine-tuning by means of the above-described size,
shape and electronic/chemical effects are presented, on the basis of the CuQ,/CeO, binary oxide
system. This particular catalytic system is selected as representative MOs, taking into account the
tremendous fundamental and practical attention lately devoted to the copper-containing cerium
oxide materials. More specifically, the abundant availability of copper and ceria and consequently,
their lower cost (about four orders of magnitude, Figure 1.1) render the CuO,/CeO, composites
strongly competitive. Moreover, their excellent reactivity —linked to peculiar metal-support
interactions— in conjunction to their remarkable resistance to various substances, such as carbon
dioxide, water and sulfur is of particular fundamental and practical importance [65,207,208].
Remarkably, copper-containing ceria catalysts appropriately adjusted by the aforementioned
routes demonstrated catalytic activity similar or even better than NMs-based catalysts in various
applications, such as CO oxidation, the decomposition of N,O and the water-gas shift reaction,
among others [116,126,216-220,149,209-215].

For instance, the inverse CeO,/Cu(111) system exhibits superior CO oxidation performance at a
relatively low temperature range (50-100 °C), in which the noble metals do not function well,
exhibiting activity values of about one order of magnitude higher than those measured on Pt(100),
Pt(111), and Rh(111) [221-223]. The latter has been mainly attributed, on the basis of the most
conceptual experimental and theoretical studies, to the existence of Ce® at the metal-oxide
interface which binds O atoms weaker as compared to bulk Ce** [221,224].

In light of the above aspects, in this section, the main implications of size, shape and
electronic/chemical effects on the catalytic performance of Cu0,/CeO, 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 CuO,/CeO, catalytic
applications, which can be found in several comprehensive reviews [3,51,65,207,225,226]. It
mainly aims to provide a general optimization framework towards the development of highly
active and cost-effective MOs, paving also the way for the decrease of precious metal content in

NMs-based catalysts.
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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 is of great importance 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.

Regarding, at first, the CO oxidation activity of individual CuO, phase, it has been clearly revealed
that it is strongly dependent on oxidation state, size and morphology. In particular, the following
activity order: Cu,0 > metastable cluster CuO > CuO has been revealed, closely related to the
ability to release lattice oxygen [227,228]. On the other hand, the exposed crystal planes of CuO,
phase drastically affect the CO oxidation; truncated octahedral Cu,0 with {332} facets displayed
better activity than low index {111} and {100} planes [229]. Similarly, CuO with exposed {011}
planes is more active that close-packed {111} planes [230]. In view of this fact, it has been found
that the CO oxidation activity of CuO mesoporous nanosheets with high-index facets is about 35
times higher than that of the commercial sample [231]. In general, surface vacancies, originated
from coordinately unsaturated surface Cu atoms, can easily activate oxygen species towards their
reaction with the reducing agent [3].

In a similar manner, theoretical and experimental studies have shown that the energy of anionic
vacancies formation over bare ceria follows the order: {111} > {100} > {110}, as previously analyzed
[84,105,167,168,110,113,150,162-166]. Moreover, a large increase in oxygen vacancies
concentration has been found for ceria crystal size lower than ca. 10 nm [99], revealing the
interrelationship between size and shape effects.

In view of the above aspects, it could be argued that by adjusting the shape and size of individual
counterparts of MOs (CuO, and CeO, in the case of CuO,/CeO, mixed oxides), significant
modifications in their redox and catalytic properties can be obtained. The underlying mechanism
of this synergistic effect linked to metal-support interactions is the subject of numerous
theoretical and experimental studies in catalysis. The latest advances in the field of CuO,—CeO,
interactions and their implications in catalysis have been recently reviewed by Konsolakis [31]. In
general, the superiority of binary oxides can be ascribed to various interrelated phenomena,
involving among others: (i) electronic perturbations between nanoparticles, (ii) redox interplay
between interfacial sites, (iii) facilitation of the formation of structural defects, (iv) improved
reducibility and oxygen mobility, (v) unique reactivity of interfacial sites [31]. However, all of these
factors are closely related with the intrinsic and extrinsic characteristics of individual oxides,
triggering unique opportunities towards the development of highly active MOs by engineering the
size and shape of individual oxides and in turn, the interfacial reactivity. Moreover, chemical or
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electronic effects induced by aliovalent doping can exert a profound influence on the catalytic
performance, offering an additional tool towards the rational design of MOs (Figure 1.2). In the
sequence, the optimization of CO oxidation activity of CuO,/CeO, 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 pivotal role of ceria morphology in the CO oxidation
activity has been reported by several groups [118,136,148,158,209,211,232-234], with most of
these revealing the superiority of ceria nanorods.

However, it should be noted that similar or even better catalytic activities can be obtained by
different morphologies (e.g., [126,210,211]). In this regard, it was recently shown that sub-
nanometer copper oxide clusters (1 wt.% Cu loading) deposited on ceria nanospheres (NS)
exhibited superior performance as compared to that deposited on nanorods (Tqg0 = 122 °C vs. 194
°C) [126]. Extensive characterization investigations revealed that the copper species in nanorods
existed in both Cu-[O,]-Ce and CuO, clusters, while CuO, clusters dominated in nanospheres.
Among these species, only CuO, clusters could be easily reduced to Cu(l) when they were
subjected to interaction with CO, which is considered to be the reason for the enhanced reactivity
of CuO,/Ce0,-NS samples [126].

So far, numerous synthesis routes and different precursors have been employed to adjust the
structural and morphological characteristics of CuO,/CeO, composites, mostly summarized by
Prasad and Rattan [207]. For instance, it has been found that the use of Ce(lll) instead of Ce(IV)
precursors can lead to CuO,/CeO, catalysts with superior reducibility and CO oxidation activity
[235]. In particular, it was experimentally shown that Ce(lll)-derived samples contained a higher
amount of Cu® species, through the redox equilibrium Cu® + Ce** <> Cu' + Ce*, which are
responsible for their enhanced oxidation performance [235]. Moreover, Cu0O,/CeO, samples
prepared from copper acetate precursor demonstrated better CO oxidation performance as
compared to those prepared from nitrate, chloride and sulfate precursors [236]. Avgouropoulos
and co-workers [237,238] recently employed a novel hydrothermal method for the synthesis of
atomically dispersed CuO,/CeOQ, catalysts, offering high CO oxidation performance. By means of
various complementary techniques, it was shown that the catalytic activity is mainly related to the
nature of highly dispersed copper species rather than the structural/textural characteristics. In a
similar manner, Elias et al. [239] reported on the facile synthesis of phase-pure, monodisperse ~3
nm Cug;Ce( 0, crystallites through solution-based pyrolysis of heterobimetallic Schiff complexes.
An increase of CO oxidation activity by one and three orders of magnitude compared to ceria

nanoparticles (3 nm) and microparticles (5 um), respectively, was attained (Figure 1.10).
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(Sigma-Aldrich). (A) "Light off" curves and (B) area-normalized Arrhenius plots, measured in 1.0%
CO, 2.5% O, balanced in He at a flow rate of 1300 mL min™" g, ' for 20 mg catalyst loadings.

Reproduced with permission from Reference [239]. Copyright® 2014, American Chemical Society.

Besides the engineering of shape and size, porous structure engineering could exert a significant
influence on the CO oxidation activity of CuO,/CeO, catalysts [125,212]. For example, three-
dimensional CuO,-doped CeO, prepared by a hard template method exhibited complete CO
conversion at temperatures as low as 50 °C, due to their improved textural and redox properties
[212].

Regarding the influence of CuO,/CeO, composition on the CO oxidation activity, most of the
studies revealed an optimum Cu/(Cu+Ce) atomic ratio in the range of 15-30%
[211,234,235,240,241]. Within this specific range, the optimum physicochemical characteristics
and interfacial interactions can be achieved, reflected then on catalytic activity.

Apart from the above-described approaches that have been put forward to improve the CO
oxidation performance of CuO,/CeO, oxides, the addition of aliovalent elements as

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 Mn [242] or Sn [243] can drastically modify the dispersion of CuO,
and the redox interplay between Cu species and support, thus, enhancing the CO oxidation
performance. Very recently, the tuning of the interfacial properties of CuO,/CeO, by In,0; doping
was also explored [244]. It was found that the CO oxidation performance of In,0;-Cu0O,/CeO,
sample greatly exceeds that of parent oxide, offering complete CO conversion at temperatures as
low as 100 °C [244]. By means of complementary characterization studies and density functional
theory calculations, it was proved that In,0; could modify the geometric structure of CuO,
particles by reducing their size. The latter results in more metal-support interfacial sites and
abundant defects. Moreover, the interaction between In and Cu could modify the electronic state
of Cu atoms towards the stabilization of partially reduced Cu sites at the interface [244].

Recently, copper-ceria nanosheets were synthesized by using graphene oxide as a sacrificial
template, in an attempt to increase the concentration of active interfacial sites [245]. The copper-
ceria interaction was further adjusted by appropriate pretreatment, with the catalyst calcined at
600 °C exhibiting complete CO conversion at 90 °C, due to the high concentration in active copper
species and oxygen vacancies [245]. Moreover, a sword-like copper-ceria composite derived by a
Ce-based MOF with 5 wt.% Cu loading, exhibited superior CO conversion performance (T = 100
°C) in comparison to other irregular-shaped catalysts, due to the good interfacial contact, which
resulted in the abundance of Cu® active species and oxygen vacancies [194]. Very recently, triple-
shelled Cu0,/Ce0, hollow nanospheres were synthesized by MOFs, exhibiting high CO conversion
performance (T = 130 °C) [246]. This was mainly ascribed to the porous structure of the triple-
shelled morphology, offering an enhanced synergistic interaction between copper and ceria [246].
Table 1.1 summarizes, at a glance, indicative attempts followed to adjust the interfacial properties
and in turn, the CO oxidation performance of CuO,/CeO, binary oxides. It is evident that extremely
active composites can be obtained by adjusting the shape, size and electronic/chemical state by
means of appropriate synthetic and/or promotional routes. It is worth pointing out the superiority
of finely-tuned CuO,/Ce0Q, samples as compared to noble metal-based catalysts, offering unique
opportunities towards the rational design of highly active metal oxide catalysts. Moreover, as
further guidance, it would be of particular importance to explore the combining effect of different
adjusted parameters (e.g., CuO,/CeO, nanorods co-doped with main-group elements) towards

further optimization.
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Table 1.1. Indicative studies towards adjusting the CO oxidation performance of CuO,/CeO, oxides.

Reaction Conditions Adjusted Parameter (Employed Method) Optimum System Ts0 (°C) Reference
0.2% CO + 1.0% O,; shape/size
WHSV = 75,000 mLg™* h™%; (hy drotherfnal synthesis) 8.5 wt.% Cu/Ce0,-nanorods 72 [116]
GHSV = 39,000 h™*
1.0% CO + 15.0% O; shape/size 15 wt.% Cu/CeO,-nanorods 50 [209]
WHSV =7200mLg™* h™* (hydrothermal synthesis) Ce0, (15 nm), CuO (6.0 nm)
0, -
1.0% CO +20.0% O; shape/size (~130—11§0\A;1tr'1fsca/ecr2? éonnim:izzzec:? ;—5 nm 85 [126]
WHSV = 80,000 mLg ™ h™ (alcothermal method) P . P
nanoparticles)
o o . size/structure
WHIS.\?/—O gggoé;/i 0_21' bl (solution-based pyrolysis of heterobimetallic Cug.1Ceq00,_, monodisperse nanoparticles (~3.0 nm) 150 [239]
Y g Schiff complexes)
size/structure
1.0% CO + 10.0% O; . . 9.0 at.% Cu/CeO,
WHSV = 60,000 mLg- h™" (thermolytic decomp_osmon in the presence Ce0, (3.3 nm) 85 [210]
of capping agent)
. . Cu/Ce0O,-nanospheres
1.0% CO, air balance; size/structure N . .
WHSV = 30,000 mLg™ h™ (hydrothermal treatment) (Cu./(Cu+Ce) = 0.33, spherical partlFIes of 300-400 nm 70 [211]
diameter composed of nanoparticles of ca. 10 nm)
0.24% CO + 15.0% O,; size/structure 0 .
WHSV = 60,000 mL g™ h™ (hard template method) 10 mol.% Cu/CeO,-microspheres 150 [125]
1.0% CO, air balance; size/structure three-dimensional (3D) 34 [212]
WHSV = 10,000 mLg ™ h™ (hard template method) Cu/CeO, ((Cu/Cu+Ce) =0.2)
1.0% CO + 21.0% O; shape o .
WHSV = 60,000 mL-g -h"* (thermal annealing of CeMOF precursors) 8.0 wt.% Cu/CeO,-triple-shelled hollow nanospheres 110 [246]
1.0% CO, air balance; electronic/chemical state 0
WHSV =52,000mLg * h™ (doping by urea combustion method) 5-0 wt.9% Cu/CeosMno,0, 120 [242]
2.4% CO+1.2% 0O,; electronic/chemical state 0
WHSV =32,000mLg* h™ (doping by combustion method) 6.0 wt.% Cu/Ceo5n030, 80 [243]
1.0% CO + 20.0% 0y (doping by wetaees co-mpregration In:0:-Cu0,/CeO 5
WHSV = 60,000 mL g™ h PIng by pree 1.25 wt.% In, 5.0 wt.% Cu
method)
1.0% CO + 1.0% O,; — 1.0 wt.% Pt/CeO, 70 [247]
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GHSV = 9600 h™

1.0% CO + 20.0% Oy;

—_ ()
WHSV = 60,000 mLg™ h™* 3.0 wt.% Pd/CeO, 120 [244]

0.95% CO + 1.75% O,;

_ )
WHSV = 12,000 mLg™ h™* 0.2 wt.% Pd/CeO, 180 [248]

WHSV: Weight hourly space velocity [=] mL g™ h™; GHSV: Gas hourly space velocity [=] h™.
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1.2.2. N,0 Decomposition

Nitrous oxide (N,0) has been lately recognized as one of the most potent greenhouse gases and
ozone depleting substances [249]. In view of this fact, the catalytic abatement of N,0 has received
particular attention as one of the most promising remediation methods. Although noble metals
exhibit satisfactory activity, their high cost and sensitivity to various substances (e.g., O,, H,0)
hinder widespread applications. Hence, as previously stated, noble metal-free composites have
gained particular attention as potential candidates. The recent advances in the field of N,O
decomposition over metal oxides have been recently reviewed by Konsolakis [249]. It was clearly
revealed that MOs could be effectively applied for N,O decomposition, demonstrating comparable
or even better catalytic performance compared to NMs-based 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 routes [249].

Herein, the main approaches, lately, followed to improve the deN,O performance of MOs,
exemplified by the Cu0,/Ce0O, system, are shortly presented. Table 1.2 presents indicative studies
towards this direction. It is worth noticing the comparable or even superior deN,0 performance of

finely-tuned Cu0,/Ce0O, samples as compared to noble metal-based catalysts (Table 1.2).
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Table 1.2. Indicative studies followed to adjust the deN,O performance of CuO,/CeO, oxides.

Reaction Conditions Adjusted Parameter (Employed Method) Optimum System Tso (°C)  Reference
0.26% N,0; composition o
GHSV = 19,000 h™ (citrate acid method) 67 mol.% Cu/Ce0; 370 [213]
0.25% N,0; composition
- 4 [.% Cu/C 44 2
GHSV = 45,000 h™* (hard template replication) 0 mol.% Cu/Ce0, 0 [250]
0.1% N,0; size/structure 20 wt.% Cu/CeO, prepared by co-precipitation,
-1 . . 465 [251]
WHSV =90,000mLg  h (various synthesis methods) Ce0, (11.8 nm)
0.1% N,0; size/structure (co-precipitation method) and Cs-doped (1.0 at/nm?) Cu/CeO, 420 [214]
WHSV =90,000 mLg ™ h™ electronic state (alkali addition) Ce0, (13.5 nm)
0.2% N,0; size/structure molar ratio Cu/Ce =1, 380 [215]
WHSV = 60,000 mLg ™ h™ (hydrothermal method) Ce0, (7.0 nm), CuO (24 nm)
0.25% N,0; shape o
WHSV = 120,000 mLg h™* (hydrothermal method) 4.0 wt.% Cu/CeQ;-nanorods 430 [150]
0.25% N,0; shape o
WHSV = 60,000 mLg ™ h™ (glycothermal method) 10 wt.% Cu/CeOy-nanospheres 380 [216]
0.1% N,0; .
WHSV = 60,000 mL g_l Bt 0.5 wt.% Rh/Al,04 340 [252]
0.1% N,0; ,
WHSV = 60,000 mL g_l bt 0.5 wt.% Pt/Al,0; 500 [252]
o) .
0-1% N20; — 0.5 wt.% Pd/Al,05 >500 [252]

WHSV = 60,000 mLg ™ h™

WHSV: Weight hourly space velocity [=] mL g™ h™'; GHSV: Gas hourly space velocity [=] h™".
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The effect of ceria morphology (nanorods, nanocubes, nanopolyhedra) on the deN,O performance
of Cu0,/Ce0, composites was extensively investigated by Pintar and co-workers [150]. Copper
clusters located on {100} and {110} planes —preferentially exposed on ceria nanorods— exhibit a
normalized activity ca. 20% higher compared to {111} planes of polyhedra (Figure 1.11). In terms
of conversion performance, the 4.0 wt.% CuO,/Ceria-nanorods exhibited a half-conversion
temperature (Tso) of about 430 °C compared to 440 °C and 470 °C of nanopolyhedra and
nanocubes, respectively. On the basis of a thorough characterization study, it was disclosed that
the oxygen mobility and the regeneration of active Cu phase is easier on ceria nanorods, which in
turn, facilitates the deN,O activity through oxygen desorption and replenishment of active sites
[150]. In a similar manner, CuO, supported on CeO, nanospheres exhibited high deN,O
performance (Tso = 380 °C, Table 1.2), ascribed mainly to the high population of CuO, clusters on
the high surface area CeO, nanospheres [216]. These findings clearly demonstrate the significant
advances that can be achieved in the deN,O process by engineering the size and shape of metal

oxide composites.
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Figure 1.11. The activity of nanoshaped CuO,/CeO, catalysts measured at T = 375 °C. Adapted from
Reference [150]. Copyright® 2015, American Chemical Society.

27



Chapter 1

1.2.3. Preferential Oxidation of CO (CO-PROX)

The copper-ceria binary oxides are among the most widely investigated catalytic systems in the
preferential oxidation of carbon monoxide (CO-PROX), a reaction used for the production of highly
purified hydrogen and the removal of CO. CuO,/CeO, catalysts have gained particular attention in
CO-PROX process, due to their superior performance, which is mainly ascribed to the peculiar
properties of copper-ceria interface [31].

In light of the above-mentioned size, shape and electronic/chemical effects, numerous efforts
have been put forward towards optimizing the CO-PROX performance. Indicative approaches
followed to fine-tuning the CO-PROX performance are summarized in Table 1.3, and further

discussed below.
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Table 1.3. Indicative studies towards adjusting the CO preferential oxidation performance of CuO,/CeO, oxides.

Adjusted Parameter

Maximum CO

WHSV = 120,000 mLg *-h™*

(potassium doping/carbon nanotubes)

(2.5 wt.% Cu, 20 wt.% CeO,,

Reaction Conditions (Employed Method) Optimum System Conversion Reference
1.0% CO + 1.0% O, + 50.0% H,; composition o o o
WHSV = 60,000 mLg ™ h™ (hydrothermal method) 5.0 wt.% Cu/CeO, 99.6%at 130°C [253]
1.0% CO + 1.0% O, + 50.0% H,; composition o ~an0 o
WHSV = 60,000 mLg ™ h™ (co-precipitation method) 30 at.% Cu/Ce0; 92%at 143 °C [254]
1.0% CO +1.0% O, + 10.0% H,0 + composition
15.0% CO, + 50.0% H,; (sol-gel precipitation/ 10 wt.% Cu/CeO, ~99.5% at 100 °C [255]
WHSV =30,000mLg " h™ chelating-impregnation)
1.0% CO +1.0% O, + 40.0% H,; composition o o o
WHSV =30,000mLg * h™ (nanocasting method) 7.0 wt.% Cu/Ce0, 100% at 110 °C [256]
1.2% CO +1.2% O, + 50.0% H,; composition/size 6.0 wt.% Cu/CeO, 0 o
WHSV = 20,000 mL g'1 h™ (freeze-drying method) Ce0; (9.9 nm), CuO (10.7 nm) 100% at 30 °C [257]
composition/size
1.0% CO + 1.0% O, + 50.0% H,; o 7.5 wt.% Cu/CeO, 0 o
WHSV = 16,000 mL g™ h™ (solvent-free method, cupric nitrate as a Ce0, (16.3 nm) 100% at 120 °C [258]
copper precursor)
1.0% CO + 1.0% O, + 50.0% H, chemical state 0 o
WHSV = 40,000 mLg* h™ (ultrasound-aided impregnation) CUo.4Ceo60/CNTs 100% at 120 °C [259]
1.25% CO +1.25% O, + 50.0% H,; size 6.0 wt.% Cu/CeO, 0 o
WHSV =20,000 mLg* h™ (Poly(methyl metacrylate) as a template) CeO, (5.6 nm) 100% at 115 °C [260]
1.0% CO + 1.0% O, + 50.0% H,; shape o o o
WHSV = 36,000 mLg ™ h™ (hydrothermal method) 4.0 wt.% Cu/CeO,-octahedra 95% at 140 °C [261]
1.0% CO + 1.0% O, + 50.0% H,; shape 5.0 wt.% Cu/CeO,- o o
WHSV = 60,000 mLg* h™ (hydrothermal method) rods/polyhedra >99.0% at 95/90 °C [147]
1.0% CO + 1.0% O, + 50.0% H; shape Cu/CeO,-spheres o o
WHSV = 40,000 mLg *-h™* (hydrothermal method) Ce0,/Cu0 =5 100% at 95 °C [117]
1.0% CO + 1.0% O, + 50.0% H,; shape 0 o o
WHSV = 16,000 mL g h™* (alcothermal method) 5.0 wt.% Cu/CeO,-spheres 100% at 100 °C [262]
1.0% CO + 1.0% O, + 50.0% H,; shape Cu/CeO,-triple-shelled hollow 0 o
WHSV = 40,000 mLg *-h™* (self-templating method) microspheres 100% at 95 °C [263]
0, 0, 0, . H 1
1.0% CO + 1.0% O, + 50.0% H,; electronic/chemical state Cu/Ce0,/CNTs 100% at 175 °C (264]
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alkali/Cu = 0.68)

1.0% CO + 1.0% O, + 50.0% H,; pretreatment o
1, - 1 % Cu/C 729 C 2

WHSV = 60,000 mLg™ h™" (with hydrogen) 0 wt.% Cu/Ce0; % at 80 [265]
. . " pretreatment

1'%’@\3/1 2'8 g’o?)zn:fgj?f_l“z' (with 2 M NaOH and etched with an ionic 10 wt.% Cu/Ce0, 100% at 150 °C [266]

’ liquid)

0, o, 0, .

1.0% CO + 1.25% O, + 50.0% H,; pretreatment 7.5 Wt.% Cu/CeO, 100% at 137 °C [267]

WHSV = 25,000 mL-g " h™*

(with HNOs, pH < 4)

WHSV: Weight hourly space velocity [z mLg™ h™.
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Several copper-ceria catalytic systems of various copper loadings have been synthesized by
different methods, with the optimum Cu loading varying between 5 and 10 wt.% [253,255—
257,268]. A further increase in Cu content from 10 to 15 wt.% has been reported to reduce the
catalytic activity, due to the large CuO, agglomerates on the catalyst surface [255]. It was revealed,
by means of both ex situ and in situ characterization studies, that the desired CO oxidation process
is related to partially reduced Cu® species, whereas, highly reduced copper species not strongly
associated with CeO, favour the undesired H, oxidation [31,253,268-270]. In view of this fact,
extensive research efforts have been put forward to control the two competitive oxidation
processes by appropriately adjusting the geometric and electronic interactions between copper
and ceria through the above-described fine-tuning approaches.

Regarding the shape effect, different copper-ceria nanostructures (rods, cubes, spheres,
octahedra, spindle or multi-shelled morphologies) have been synthesized and studied for the CO-
PROX reaction. It was revealed that the shape-controlled synthesis of ceria nanoparticles has a
profound influence on the CO-PROX activity and selectivity. In particular, it was found that rod-
shaped and polyhedral copper-ceria systems exhibited higher CO conversion performance (Ts, = 68
°C) at low temperatures, as compared to plates (Tso = 71 °C) and cubes (Tso = 89 °C) [147]. The
latter was mainly attributed to the smaller CuO, clusters subjected to a strong interaction with the
ceria carrier, which, in turn, facilitates the formation of Cu” sites and oxygen vacancies [147]. More
importantly, a close relationship between measurable physicochemical parameters, such as the
amount of Cu’ species and the Asgi/Asss Raman ratio (related to oxygen vacancies) with the
catalytic performance was obtained; rod- and polyhedral-shaped samples exhibited the highest
values on Cu’ species and oxygen vacancies, demonstrating, also, the optimum CO-PROX
performance [147].

In this point, it should be mentioned that in relation to which ceria shape is the most active or
selective for the CO—PROX process, inconclusive results are acquired, due to the different reaction
conditions applied (see Table 1.3) in conjunction to the complexity of CO-PROX process, which is
affected to a different extent by the various interrelated parameters (e.g., reducibility, metal
dispersion, oxygen vacancies, oxidation state, metal-support interactions). Under this perspective,
it was reported that copper-ceria nanocubes exhibited higher CO, selectivity than copper-ceria
nanorods or nanospheres, due to the difficulty of nanocubes to fully reducing the copper oxide
species under CO-PROX conditions [135,271], while, at the same time, exhibiting lower CO
conversion than nanorods [271] and nanospheres [135]. In a similar manner, CuO,/CeO, spheres
and spindles, exposing {111} and {002} facets, showed the highest CO conversion (Tsq = 69 and 74
°C, respectively), as well as a wide temperature window for total CO conversion (95-195 °C for

spheres and 115-215 °C for spindles), in comparison with octahedrons, cubes and rods [117].

31



Chapter 1

Interestingly, in different shaped ceria nanostructures, a close relationship is found between the
concentration of oxygen vacancies and the amount of reduced copper species (Figure 1.12), clearly
revealing the key role of exposed facets towards adjusting the catalytic performance. These
findings were further substantiated by DFT calculations, showing the high population of oxygen

vacancies at the intersection of {111} and {002} facets in opposition to CeO, {111} surface [117].
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Figure 1.12. Plots of the number of oxygen vacancies and reduced copper species for the
CuO/Ce0, catalysts with different support shapes. Adapted from Reference [117]. Copyright®
2018, Elsevier.

In an attempt to optimize the CO-PROX performance through size and shape engineering single-
and multi-shelled copper-ceria hollow microspheres were synthesized [263,272]. By tuning the
number of shells, the catalytic activity was notably improved, with the triple-shelled structure
exhibiting the highest activity and selectivity (100% CO conversion and 91% CO, selectivity at 95
°C), as well as a wide temperature window for complete CO conversion (95-195 °C) [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 reactants' accessibility [263].

Taking into account the pivotal role of nanoparticles' crystallite size/shape and their consequent
effect on metal-support interactions, different preparation routes have been investigated for the
synthesis of copper-ceria composites, such as the hydrothermal method, the template-assisted
method, the solid-state preparation method, sol-gel, co-precipitation, freeze-drying, deposition-
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precipitation, etc. [253,254,256-258,260,265,273]. For instance, template-assisted synthesis
resulted in small ceria crystallite sizes (ca. 5.6 nm), and thus, in a high population of copper-ceria
interfacial sites with implications in Cu oxidation state and CO—PROX activity [260]. Moreover, the
precursor compounds or the template agent used during synthesis procedure can affect the pore
size and volume or the reducibility of the materials [258,274]. Interestingly, ethanol washing
during the preparation of CuO,/CeO, oxides leads to decreased particle sizes, as it affects the
dehydration process between precursors' particles, resulting in decreased adsorbed water and
improved dispersion [275]. Very recently, a novel ultrasound-assisted precipitation method was
employed to adjust the defective structure of CeO, and in turn, the CO-RPOX activity [276]. By
means of characterization techniques and theoretical calculations, it was shown that only two-
electron defects on ceria surface (i.e., defects adsorbing oxygen to form peroxides instead of
superoxide species which are formed on one-electron defects) were responsible for the formation
of Cu* and Ce* species, which were intimately involved in the CO adsorption and oxygen
activation processes [276]. In particular, the adsorption of O, on two-electron defects resulted in
peroxides formation, followed by Cu ions incorporation towards the development of Cu—-O-Ce
structure. Meanwhile, the two additional electrons in the two-electron defects facilitate the
electronic re-dispersion in Cu—O-Ce structure, leading to the creation of Cu® (CO adsorption sites)
and Ce* (oxygen activation sites).

Another approach in the direction of catalysts functionalization that has attracted considerable
attention in recent years is the preparation of inverse catalytic systems. In particular, the co-
existence of Cu" and Cu®* ions was observed in star-shaped inverse CeO,/CuO, catalysts which
exhibited high catalytic activity [277]. Moreover, the alteration of Ce/Cu molar ratio and/or the pH
value in the inverse Ce0,/CuO, catalysts notably affects the morphology and the particle size,
which in turn, favours the contact interface between ceria and copper, and thus, the CO oxidation
at the expense of H, oxidation in PROX process [45]. In addition, a multi-step synthetic approach
has been applied for a high concentration of oxygen vacancies to be successfully anchored at the
interfaces of the inverse CeO,/Cu0Q, system, leading to outstanding CO—PROX activity (~100% CO
conversion at a wide temperature window 120-210 °C) and adequate stability [278].

The doping effect on the CO—PROX performance has been also studied in the inverse copper-ceria
catalysts [279,280]. It was reported that doping ceria with transition metals (e.g., Fe, Co, Ni)
induces changes in the ceria lattice and in the formation of oxygen vacancies [279]. The doping
element affects the reducibility of the CeO,/CuO, catalysts, while promoting the formation of Ce**
ions and oxygen vacancies, with the NiO-doped CeO,/CuO, catalyst exhibiting the highest activity
(Tso = 68 °C) and the widest temperature window for total CO conversion (115155 °C) [279]. In

the inverse copper-ceria catalysts, it has also been found that the presence of Zn improves the

33



Chapter 1

CO-PROX performance, as it has the ability to hinder the CuO reduction to highly reduced copper
sites which provide the active sites for the H, oxidation [280].

By applying appropriate pretreatment protocols, the CO-PROX performance may be also greatly
affected. In particular, the pretreatment of copper-ceria catalysts in an oxidative or reductive
atmosphere affects the amount and dispersion of the active species, and consequently, the
catalytic performance [265]. The pretreatment with hydrogen led to a breakage of the Cu-[0,]-Ce
structure, which resulted in enhanced catalytic performance, indicating the significance of the
highly dispersed CuO, clusters in the CO-PROX process [265]. Furthermore, the pretreatment in an
acidic or a basic environment affects the interaction between the two oxide phases. For instance,
the pretreatment of ceria spheres in a basic solvent (2M NaOH), followed by etching in an ionic
liquid for the acquisition of ceria nanocubes, resulted in the best catalytic activity at temperatures
lower than 150 °C, due to the strong interaction between the highly dispersed CuO, clusters and
ceria support [266]. An acidic treatment with nitric acid in nanorod-shaped CuO,/CeO, catalysts
has also been performed by Avgouropoulos and co-workers [267]. It was found that a highly acidic
environment (pH < 4) led to an enrichment of catalysts' surface in Cu" species and to high
concentrations of oxygen vacancies and Ce** species, while facilitating the formation of surface
hydroxyls that are considered responsible for controlling the interfacial interactions in the copper-
ceria binary system [267]. All the above-mentioned characteristics in conjunction with the better
copper dispersion and the improved reducibility of the highly acidic catalysts resulted in enhanced
catalytic performance (Tsp = 84 °C) [267]. The same group has also investigated the pretreatment
effect of employing ammonia solutions in copper-ceria nanorods [281]. It was revealed that the
textural and structural properties of the modified catalysts remained almost unaffected after
treatment, whereas, increasing the Cu:NH; ratio to 1:4 resulted in higher reducibility and gave rise
to Cu” and surface lattice oxygen species, leading, thus, to improved catalytic performance [281].
As shown in Figure 1.13, close relationships between the half-conversion temperature (Ts,) and
the main Raman peak shift or the concentration of Ce®* and oxygen vacancies were observed

[281].
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Figure 1.13. Ts vs. (i) shift of the main peak (F,, Raman vibration mode) of fluorite CeO, and (ii)
surface concentration of Ce*" and oxygen vacancies determined via XPS analysis. Adapted from

Reference [281]. Copyright® 2018, John Wiley and Sons.

Another adjusted parameter that can exert a profound influence on the catalytic performance is
the electronic promotion mainly induced by alkali modifiers, as it may affect the chemisorption
ability of active sites, as well as the copper-ceria interactions. In that context, it was found that the
presence of K" ions in CuO,/CeO, catalysts has a beneficial effect on CO-PROX process in the
presence of both CO, and H,0, since a proper K* content was proved to alleviate the CO, and H,0
adsorption on the reaction sites and thus, enhancing the catalytic performance [282]. Potassium
has also been found to stabilize Cu® active species by affecting Cu-Ce interactions [283].

An additional engineering approach towards enhancing the CO-PROX reactivity of CuO,/CeO,
oxides involves the employment of chemical substances of specific architecture and textural
properties, such as the carbon-based materials (rGO, CNTs, etc.). These materials favour the
dispersion of copper and ceria, while affecting the reducibility and the population of oxygen
vacancies, thus, resulting in enhanced catalytic performance at low temperatures [259,284—-287].
For instance, the introduction of rGO resulted in abundant Ce* species and oxygen vacancies,
offering high catalytic activity at temperatures below 135 °C and good resistance to CO, and H,0
[286].

Interestingly, by combining electronic (alkali promotion) and chemical modification (carbon
nanotubes), highly active multifunctional composites can be obtained. In copper-ceria catalysts
supported on carbon nanotubes (CNTs) with a specific alkali/Cu atomic ratio, i.e., 0.68, the nature
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of the alkali metal (Li, Na, K, Cs) has been shown to affect the dispersion of ceria over CNTs and the
copper-ceria interaction [264]. K-promoted Cu0O,/Ce0O, oxides combined with CNTs exhibited high
catalytic activity (Tso = 109 °C as compared to 175 °C of un-promoted catalyst), attributed to the K-

induced modification on redox/electronic properties [264].

1.2.4. Water-Gas Shift Reaction (WGSR)

The water-gas shift reaction (WGSR) plays a key role in the production of pure hydrogen, through
the chemical equilibrium: CO + H,0 ¢ CO, + H,. Among the different catalytic systems, copper-
ceria oxides have gained particular attention, due to their low cost and adequate catalytic
performance. Moreover, significant efforts have been put forward towards optimizing the low-
temperature WGS activity by means of the above discussed methodologies. Regarding CuO,/Ce0,
catalyzed WGSR, two main reaction mechanisms have been proposed, namely, the redox and the
associative mechanism. The first one involves the oxidation of adsorbed CO by oxygen originated
by H,O 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 copper-ceria interface for
the low-temperature WGSR has been recently performed by Chen et al. [288]. It was revealed that
the activity of copper-ceria catalysts is intrinsically related with the Cu® species present at the
interfacial perimeter, with the CO molecule being adsorbed on the Cu® sites, while water being
dissociatively activated on the oxygen vacancies of ceria [288,289]. In a similar manner, Flytzani-
Stephanopoulos and co-workers [290] have earlier shown that strongly bound Cu—[O,]-Ce species,
probably associated with oxygen vacancies of ceria, are the active species for the low-temperature
WGSR, whereas, the weakly bound copper oxide clusters and CuO, nanoparticles act as spectators.
Although the distinct role of copper and ceria and their interaction is not well determined, it is
generally accepted that the activation of H,0, linked to copper-ceria interface and oxygen
vacancies, is the rate-determining step [288]. Therefore, particular attention has been paid to
modulate the interfacial reactivity through the above discussed adjusting approaches. Indicative
studies towards modulating the WGSR performance are summarized in Table 1.4, and further

discussed below.
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Table 1.4. Indicative studies towards adjusting the WGSR performance of Cu0,/Ce0, oxides.

Maximum CO

Reaction Conditions Adjusted Parameter (Employed Method) Optimum System . Reference
Conversion
10.0% CO + 12.0% CO, + 60.0% H,; size/structure 0 o o
vapor:gas = 1:1; WHSV =3000 mLg h™* (precipitation) 20 wt.% Cu/CeO, 91.7%at200°C  [217,218]
size/structure .
2.0% CO + 10.0% H,0; . inverse CeO,/Cu o o
WHSV = 42,000 mL g'l h-l (bulk-nano interfaces by aerosol-spray Ce0, (2-3 nm) 100% at 350 °C [291]
method)
1.0% CO + 3.0% H,0; shape 0 0 o
WHSV = 200,000 mL g™ h™! (microemulsion method) 5.0 wt.% Cu/Ce0O,-nanospheres 64% at 350 °C [138]
10.0% CO + 5.0% CO, + 10.0% H,0 + shape . 0 o
7.5% H,; WHSV = 60,000 mL g™ h™ (precipitation method) Cu/CeOy-nanoparticles 49% at 400 °C [120]
3.5% CO + 3.5% CO, + 25.0% H, + 29.0% shape 0 o o
H,0; GHSV = 6000 h™. (hydrothermal method) 10 wt.% Cu/Ce0,-octahedrons 91.3% at 300 °C [149]
o, o, 0, . : H CA- : :
10.0% CO + 5.0% CO, + 5.0% HZ—'l .elect.ronlc/chemlcal state . Cu-Co-Ce0, (weight ratio of 95% at 300 °C [292]
vapor:gas = 1:1; GHSV = 6000 h (doping with cobalt by nanocasting) Cu:Co:Ce =1:2:7)
o, o, o, . H H _
10.0% CO + 12.0% CO, + 60.0% H_zl, . . elgctronls/chemlcal stat.e o Y-doped Cu/CeO, 93.4% at 250 °C 220]
vapor:gas = 1:1; WHSV=2337mLg " h (doping with yttrium by co-precipitation) 25 wt.% CuO, 2 wt.% Y,0;
o 0 oL pretreatment
15.0% €O +6.0% CO; + 55.0% Hy; (with 20 CO,/2H, followed by 10 wt.% Cu/CeO, 86%at350°C  [293]

vapor:gas = 1:1; GHSV = 4500 h™*

calcination in O,)

WHSV: Weight hourly space velocity [=] mLg™ h™. GHSV:
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The preparation method can affect various characteristics, such as the specific surface area, the
total pore volume, the dispersion of the active phase or the crystallite size [217,294]. For instance,
copper-ceria catalyst prepared by a hard template method showed higher WGSR activity as
compared to the one prepared by co-precipitation (62 vs. 54% CO conversion at 450 °C), due to its
larger surface area and higher CuO, dispersion, while they both exhibited a similar amount of
acidic surface sites [294]. Among CuO,/CeO, catalysts synthesized by different precipitation
methods, the catalysts prepared by stepwise precipitation showed the highest CO conversion, due
to their higher reducibility and oxygen defects [219]. Precipitation was also found to give catalysts
with higher WGSR activity, namely, 91.7% CO conversion at 200 °C, in comparison with the
hydrothermal (82%) or sol-gel methods (64.5%), due to their abundance in oxygen vacancies,
associated with the small CuO, crystals and large pore volume [217].

The precipitating agent used could also exert a significant impact on the physicochemical
properties of CuO,/Ce0O, catalysts, with great implications in the catalytic behaviour [218,295]. By
employing ammonia water instead of ammonium and potassium carbonate, the WGSR activity is
notably enhanced (91.7% CO conversion at 200 °C in contrast to 78.3% and 46.2%, respectively),
due to the better dispersion of copper species and the stronger copper-ceria interactions [218].
Moreover, the copper precursor compound (nitrate or ammonium ions) and the preparation
temperature can notably affect the WGSR activity [295].

Recently, it was found that the dispersion of differently formed copper structures (particles,
clusters, layers) on ceria of rod-like morphology is dependent on copper loading, with low copper
loadings (1-15 mol.%) exhibiting monolayers and/or bilayers of copper, while a further increase in
copper loading up to 28 mol.% results in faceted copper particles and multi-layers of copper [289].
At copper loadings up to 15 mol.%, a linear relationship between the CO conversion and the
copper content was observed (Figure 1.14), indicating that the number of the active interfacial

sites (Cu*-V,—Ce*) is significantly increased along with Cu content up to 15 mol.% [289].
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Figure 1.14. Low-temperature WGS reaction over the Cu/CeO, catalysts. CO conversion as a
function of the copper content in the respect catalysts. Reaction conditions: 1.0 vol.% CO/3.0 vol.%

H,0/He, 40,000 h™, 200 °C. Adapted from Reference [289]. Copyright© 2019, Elsevier.

The morphological features of both copper and ceria counterparts notably affect the WGSR
activity. In a comprehensive study by Zhang et al. [296], it was reported that Cu cubes exhibit high
WGSR activity in contrast to Cu octahedra with the Cu—Cu suboxide (Cu,O, x = 10) interface of
Cu(100) surface being the active sites. In a similar manner, it was shown that ceria nanoshapes
(rods, cubes, octahedra) exhibit different behaviour during interaction with CO and H,0, due to
their diverse defect chemistry [297]. Upon CO exposure, ceria nanocubes, exposing {100} planes,
favour the formation of oxygen defects at the expense of the existing anti-Frenkel defects, while in
nanorods and nanooctahedra (exposing mainly {111} planes) both types of defects are formed
[297]. By combining Raman and FTIR results, it was revealed that H,-reduced ceria rods and
octahedra could be further reduced in CO, resulting in the formation of both defects. In contrast,
cubes cannot be further reduced by CO; thus, oxygen is available to form carbonates and
bicarbonates by converting Frenkel defects to oxygen vacancies [297]. These findings clearly
revealed the key role of both copper and ceria nanoshape on the defect chemistry of individual
counterparts. It should be noted, however, that in the binary copper-ceria system, where
multifaceted interactions are taking place, the relationships between shape effects and catalytic
activity can be rather complex, leading to inconsistent conclusions [120,138,149].

Very recently, Yan et al. [291] reported on a novel structural design approach towards optimizing
the WGSR activity of CuO,/CeO, system. In particular, inverse copper-ceria catalysts of high
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efficiency were developed through the fabrication of highly stable bulk-nano interfaces under
reaction conditions. Nano-sized ceria particles (2—3 nm) were stabilized on bulk copper resulting in
abundant ceria-copper interfaces [291]. This inverse catalyst showed outstanding WGSR
conversion (T10 = 350 °C), due to the high amount of interfacial sites and the strong copper-ceria
interaction, which facilitated the dissociation of water and the oxidation of CO [291].

The doping approach has also been employed to enhance the WGSR activity of CuO,/CeO, system
[220,298]. For instance, copper-ceria catalysts doped with 2 wt.% yttrium have shown excellent
WGSR activity and high thermal stability, as yttrium favoured the oxygen vacancy formation on
ceria [220]. Recently, Wang et al. [298] performed DFT calculations in order to theoretically
investigate the alkali effect on the WGSR activity of Cu(111) and Cu(110) surfaces. It was found
that potassium enhances the WGSR activity as it favours the dissociation of H,O and induces
stronger promotion on the (111) surface. With regard to other alkali metals (Na, Rb, Cs), the
promoting effect on the dissociation of water differentiates with their electronegativities which
induce changes in the work function, i.e., the lower the work function, the stronger the promoting
effect of the alkali [298].

Finally, the WGSR activity and the sintering resistance of the CuO,/CeO, catalysts can be further
enhanced by improving the metal-support interactions through appropriate pretreatment
protocols [293,299]. For example, the treatment of CuO,/CeO, catalyst in a gas mixture of
20C0,/2H, led to highly active catalysts, due to the electron enrichment of copper atoms through
the electronic metal-support interactions [293]. Moreover, ceria pretreatment in different
atmosphere (air, vacuum or H,) affected the WGSR performance of CuO,/CeO, catalysts, with the
H,-pretreated samples exhibiting the highest conversion performance, due to the strong
synergism between the two oxide phases, the small CuO, particle size and the high concentration

in oxygen vacancies [299].

1.2.5. CO, Hydrogenation

The hydrogenation of carbon dioxide to value-added chemicals, such as methanol, has received
considerable attention, in terms of environmental protection and sustainable energy. The
significant role of copper-ceria interfacial sites in the CO, hydrogenation process has been
confirmed by both theoretical and experimental studies [31,300,301]. In particular, metal-oxide
interface plays a key role in CO, hydrogenation process, as it could provide the active sites for
reactants' adsorption, while these interfacial sites may stabilize the key intermediates [302]. In
view of this fact, copper-ceria catalysts have shown higher selectivity in methanol than their
zirconia-supported counterparts, as the copper-ceria interface favoured the dispersion of copper

and the oxygen vacancy formation, while the interaction between copper and ceria led to a
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decrease in copper particle size [303]. The interfaces between the defective CeO,_, and the highly
dispersed Cu*/Cu® species are considered the active sites for methanol synthesis in the case of
Cu0,/Ce0, system [304]. Furthermore, the different metal-support interactions between the two
catalysts resulted in different reaction intermediates, namely, carbonates for the CuO,/CeO,
catalysts and bicarbonates for the zirconia-supported ones, thus, resulting in different selectivity,
with the copper-zirconia composites being highly selective towards CO [303].

In view of the above aspects, the fine-tuning of the metal-support interface could lead to highly
active and selective catalysts. Indicative studies towards adjusting the CO, conversion to methanol

under similar reaction conditions are summarized in Table 1.5, and further discussed below.
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Table 1.5. Indicative studies towards adjusting the CO, conversion to methanol of CuO,/Ce0, oxides.

CO, Conversion (Methanol

Reaction Conditions Adjusted Parameter (Employed Method) Optimum System Rate or Selectivity) at 260 °C Reference

CO,:H, =1:3; electronic/chemical state

P =3.0 MPa; (doping with zinc and dispersion in SBA-15 by CugsZng 4Ceq.1/SBA-15 6.5% (33.6 mg g'1 h™) [305]
GHSV =1200 h™ incipient wetness impregnation)

COz:H, = 1:3; electronic/chemical state

P =3.0 MP3; (doping with alumina by co-precipitation) 60 wt.% Cu/AlCeO 17.0% (11.9 mmol g™ h™) [306]

WHSV = 14,400 mLg ™ h™ ping y co-precip

CO,:H, =1:3; . . .

g e | GO ssimma ) 0]
GHSV = 6000 h™ ping yImpreg )

CO,:H, =1:3; . . .

ey Cwcmon®  wawpaw o
GHSV = 6000 h™ ping yimpreg 70

COZ:HZ = 13, o,

P =2.0 MPa; shape >0 wt.% Cu/Ce0, 2.5% (71.0%) [133]

WHSV =3000mL g™ h™

(hydrothermal method) nanorods

WHSV: Weight hourly space velocity [=] mL g™ h™'; GHSV: Gas hourly space velocity [=] h™".
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The activity and selectivity of the Cu0O,/Ce0O, catalysts for methanol synthesis are greatly
affected by the support morphology. Copper-ceria nanorods exposing {100} and {110} crystal
planes exhibited the highest methanol yield (Table 1.5) as compared to nanocubes and
nanoparticles, due to the strong interaction between the two oxide phases and the high
copper dispersion [133]. Copper-ceria nanorods were also found to be more active than
nanocubes, while exhibiting similar conversion performance with the nanoparticles, for
carbonate (diethyl) hydrogenation [151].

In a similar manner, CuO,/Ce0O, catalysts led, mainly, to the production of CO at atmospheric
pressures through the RWGS reaction, with the nanorod-shaped catalyst exhibiting higher
CO, conversion (~50% at 450 °C) as compared to nanospheres (~40% at 450 °C), revealing
the structure dependence of the RWGS reaction [139]. The active intermediates are
preferably formed on the {110} ceria exposed surface of the rod-like morphology, resulting
in high catalytic performance [139].

Copper-ceria nanorods of various copper loadings were also investigated in the
hydrogenation of carbonate to methanol, with the catalysts of ca. 20 wt.% Cu content
exhibiting superior catalytic performance [309]. The copper content can significantly affect

the mole fraction of Ce** and Cu* species (Figure 1.15), and in turn, the methanol yield [309].

22 100
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Figure 1.15. Mole ratio of Ce* and Cu' over the reduced Cu/CeO, catalysts as a function of

Cu content. Adapted from Reference [309]. Copyright® 2018, John Wiley and Sons.
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In addition, a space-confined synthetic approach was applied for the synthesis of highly
dispersed copper-ceria catalysts for RWGS, offering 100% CO selectivity at 300 °C and
ambient pressure [310]. The enhanced catalytic performance was ascribed to the abundance
in interfaces formed among the highly dispersed copper nanoparticles and the Ce*" species,
thus, favouring H, spillover [310].

The controlled synthesis of multicomponent systems could also be an effective approach for
highly active and selective hydrogenation catalysts (e.g., [305-308,311]). For instance, the
ternary composite consisting of Cu, ZnO, CeO,, supported on SBA-15 exhibited high catalytic
activity for methanol synthesis (Table 1.5), due to the peculiar synergistic effects between
the different counterparts [305]. Copper was considered to be the active site for hydrogen
activation, while ZnO and CeO, oxides facilitated the CO, adsorption and hydrogen spillover
on the interfacial sites [305]. In a similar manner, the introduction of alumina to ceria carrier
(Cu/AlCe) led to highly active composites (Table 1.5), mainly ascribed to the high copper
dispersion [306]. Interestingly, highly active and selective CO, hydrogenation catalysts can
be obtained by co-adjusting the composition, structure and shape, in line with the fine-
tuning methodology herein proposed (Figure 1.2). In this perspective, bimetallic composites
(Cu-Ni) incorporated into ceria nanoparticles of specific morphology (e.g., nanotubes,
nanorods) could lead to highly active composites for the CO, hydrogenation to methanol
(Table 1.5). The enhanced catalytic performance of Cu-Ni/CeO, nanoshaped catalysts was
mainly interpreted on the basis of the synergistic interaction between Cu and Ni as well as of
that between the ceria carrier and Cu-Ni alloy [307,308]. Similarly, the bimetallic Cu-Fe/CeO,
catalyst has shown enhanced stability in the high-temperature RWGS due mainly to the fact
that iron oxide clusters (FeO,) highly dispersed over ceria act as textural promoters [311].
Finally, copper nanocrystals encapsulated in Zr-based MOFs demonstrated high activity and
selectivity for CO, hydrogenation to methanol, outperforming the benchmark Cu/Zn0O/Al,0;
catalyst [200].
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1.3. CONCLUDING REMARKS

In the present theoretical chapter (literature review), the copper-ceria binary system has
been selected as a reference system to reveal the different approaches that can be followed
to modulate the local surface chemistry, and in turn, the catalytic performance of metal
oxides (MOs), by means of size, shape and electronic/chemical functionalization. For
instance, the employment of appropriate synthetic routes, such as the hydrothermal
method, leads to the development of nanoparticles with specific morphologies, exposing
distinct crystal facets of different coordination environments, with great implications in
catalysis. Moreover, particles' size/shape engineering strongly affects the interfacial
reactivity through both geometric and electronic interactions, offering metal oxide systems
with the desired properties. In addition, special pretreatment protocols or activation
procedures can notably affect the metal dispersion and the population of oxygen defects,
with great consequences in the catalytic efficiency. In view of the above, the fine tuning of
metal oxides by combining bulk and nano effects or by adjusting the coordination
environment could lead to highly efficient catalysts.

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

In view of the above aspects, highly active composites, with a comparable or even better
performance than that of NMs, have been developed for various processes, such as CO
oxidation, N,O decomposition, preferential oxidation of CO, among others. For instance, the
combination of precipitation method with alkali promotion can lead to highly active and
oxygen-tolerant CuO,/CeO, catalysts for N,O decomposition. On the other hand, the
modulation of ceria support morphology (nanorods) by the hydrothermal method resulted
in Cu0,/Ce0, composites with superior CO oxidation performance, even better to that of Pt-
based catalysts. More importantly, the co-adjustment of different parameters (e.g., the
shape of individual counterparts along with the electronic state of metal entities) could lead
not only to distinct reactivity of each counterpart, but also to different synergistic
interactions, offering mixed metal oxides of unique features. Hence, metal oxides
appropriately adjusted by means of suitable synthetic and electronic/chemical modification
routes could provide the materials platform for real-life energy and environmental

applications.
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CHAPTER 2

Materials Synthesis and Characterization Studies

Chapter 2 presents in detail the preparation
CeO,-NP

procedures followed during materials synthesis,
(nanopolyhedra)

the characterization techniques applied as well

as the conditions used during catalytic < > CeO;-NR
(nanorods)

evaluation studies. In specific, the preparation

methods used for the synthesis of bare ceria @ Ce0,-NC
nanoparticles as well as of ceria-based transition (nanocubes)
metal catalysts are demonstrated in this chapter. The catalytic materials developed in the
present thesis were thoroughly characterized by various techniques so as to gain insight into
their structural, morphological, surface, redox properties and their catalytic performance
was evaluated in different reactions, such as the oxidation of carbon monoxide (CO), the
decomposition of nitrous oxide (N,O) and the hydrogenation of carbon dioxide (CO,) to

methane (CH,4) and carbon monoxide (CO).

77



Materials Synthesis and Characterization Studies

2.1. MATERIALS SYNTHESIS

Materials synthesis took place at the Technical University of Crete in the Industrial, Energy
and Environmental Systems Lab (IEESL) of the School of Production Engineering and
Management in collaboration with the laboratory of Analytical and Environmental Chemistry
of the School of Mineral Resources Engineering. The equipment used for nanomaterials'
synthesis is presented in the following photographs.

All the catalytic materials developed or used in the present thesis, as well as the catalytic

reactions in which they were evaluated, are presented at a glance in Table 2.1.

Image 2.1. From left to right: KERN PNJ precision balance, VELR Scientifica heating magnetic

stirrer, WTW pH meter 3110, Rephile Direct—Pure adept ultrapure water system.

Image 2.2. The furnaces used for the aging and calcination of as-prepared materials

(Termansys—left, Binder-right).
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Image 2.3. The centrifuges used for the recovery of the solid products and the washing of
the obtained materials with double deionized water and ethanol (Eppendorf centrifuge

5804-left, MSE Mistral 2000-right).

2.1.1. Synthesis of Bare Ceria Nanoparticles by Different Methods

Bare ceria nanoparticles were synthesized by various methods, such as thermal
decomposition, precipitation and the hydrothermal method by modifying the experimental
conditions (base concentration, aging temperature). The aforementioned preparation

methods are presented in detail below.

Bare Ceria Nanoparticles Prepared by Thermal Decomposition [1]: The Ce(NO3)3:6H,0 (purity
> 99.0%, Fluka) precursor was heated at 500 °C for 2 h under air flow (heating ramp 5

°C/min), as shown in Figure 2.1. The sample is denoted as CeO,-D.

Figure 2.1. Bare ceria nanoparticles prepared by thermal decomposition.

Bare Ceria Nanoparticles Prepared by Precipitation [1]: Initially, the Ce(NOs)s-6H,0 (purity >
99.0%, Fluka) precursor compound was dissolved in double deionized water (0.50 M) until its
complete dissolution. Then, the ammonia solution (25% v/v, EMSURE) was added to the

continuously stirred solution at room temperature until pH reached the value of 9-10, and
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kept stable for 3 h. The resulting solution was filtered under vacuum and a gel was formed.
The precipitate was dried overnight at 110 °C for 12 h and calcined at 500 °C for 2 h under
air flow (heating ramp 5 °C/min). The sample is denoted as CeO,-P. The synthesis procedure

is depicted in Figure 2.2.

25% vfv
MNHs

\ Stable for 3 h

\

pH
9-10

Ce(NO;z):-6H,0 E _—
Heat Stirrer SHrrer

L] fieat [ |
[ o o ®

Calcination (

500 °C/2 h

(5 °C/min)

Di @
-rvmg
110 °c/12 h
i’ = S
<> CeOyP

Figure 2.2. Bare ceria nanoparticles prepared by the precipitation method.

Bare Ceria Nanoparticles Prepared by the Hydrothermal Method [2]: During hydrothermal
synthesis, the application of diverse experimental conditions, i.e., base concentration (6 or
36.7 M NaOH) and aging temperature (90 or 180 °C), led to the development of different
ceria nanostructures, namely nanorods, nanopolyhedra and nanocubes. Specifically, for the
synthesis of ceria nanorods, 2.75 mol NaOH (purity > 98%, Sigma-Aldrich) was initially
dissolved in 75 mL of double deionized water. Then, 175 mL of aqueous solution containing
23 mmol Ce(NOs)s-6H,0 (purity = 99.0%, Fluka) (0.13 M) was added in the above solution
under vigorous stirring until a milky slurry was formed. The mixture was left for additional

stirring for 1 h. Then, the final slurry was transferred into a Teflon bottle and aged at 90 °C
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for 24 h. In order to obtain ceria nanopolyhedra, the same procedure as above was followed
with the only variation of utilizing 0.45 mol NaOH instead of 2.75 mol. For the synthesis of
ceria nanocubes, the same procedure as the one followed for the preparation of ceria
nanorods was employed, with the only variation being at the final aging temperature,
namely 180 °C instead of 90 °C. Subsequently, the solid products were recovered by
centrifugation and the obtained materials were washed thoroughly with double deionized
water until pH 7, so as to remove any co-precipitated salts and afterwards, they were
washed with ethanol (purity 99.8%, ACROS Organics) to avoid nanoparticles' agglomeration.
The resulting precipitate was dried at 90 °C for 12 h, followed by calcination at 500 °C for 2 h
under air flow (heating ramp 5 °C/min). The samples are designated as CeO,-NR, CeO,-NP
and CeO,-NC, representing bare ceria nanorods, nanopolyhedra and nanocubes,

respectively. Figure 2.3 depicts the hydrothermal synthesis of the different ceria

nanostructures.
0.45 mol or 1-hour
2.75 mol stirring

NaOHg) Ce(NO3);:6H,05q) D
SEENEE - b

1-hour a

stirring

2.75 mol
NaOH(aq) ce(N03)3'6H20(aq)

+ Hea:DSﬁrrer
SRS -

Aging
180 °c/24 h

A

(5 °C/min) 90°¢/12h time pm

Centrifugation

| | —
\

final washing with ethanol

washing with d.d. HzO until pH 7 ,,"’

v 4N

; o ;; 25 ; gy ; Figure 2.3. Hydrothermal synthesis of bare ceria

nanoparticles of different morphology (polyhedra,
CeO,-NP CED_‘.-'NR CeOz-NC

(nanopolyhedra) (nanorods) (nanocubes) rods, cubes).
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2.1.2. Synthesis of Ceria-Based Transition Metal Catalysts through the Wet Impregnation
Method

Different ceria-based transition metal catalysts were prepared by the wet impregnation
method. In specific, various transition metals such as copper (Cu), cobalt (Co), iron (Fe) and
nickel (Ni) were introduced in the above-mentioned different ceria supports (nanorods,
nanopolyhedra, nanocubes) through the wet impregnation method. M/Ce0O,-NX catalysts
(where M: Cu, Co, Fe, Ni and NX: NP-nanopolyhedra, NR—nanorods, NC-nanocubes) were
synthesized by the wet impregnation method [2-6]. In particular, aqueous solutions of the
metal precursors, i.e., Cu(NO3),:2.5H,0 (Fluka), Co(NOQs),-6H,0 (purity = 98%, Sigma-Aldrich),
Fe(NO;)3-9H,0 (= 98%, Sigma-Aldrich) and Ni(NO3),-6H,0 (purity = 98%, Sigma-Aldrich) were
utilized in order to obtain a M/(M+Ce) atomic ratio of 0.2, corresponding to a metal loading
of 8.5, 7.8, 7.5 and 8 wt.% for Cu, Co, Fe and Ni, respectively. Afterwards, the obtained
suspensions were heated under stirring until water evaporation, dried at 90 °C for 12 h and
finally calcined at 500 °C for 2 h under air flow (heating ramp 5 °C/min). The preparation

procedure is illustrated in Figure 2.4.

Heating
Metal nitrate under stirring
hydrate until water
precursor evaporation
compound
Heat .Sﬁ"er Heat Stirrer Shrrer
o ® .

i

Calcination :‘.' ( ]
500°c/zh |- e Drying
M/Ce02 NX L 90°C/12 h
'||\ A — . J
N

Figure 2.4. Synthesis of ceria-based transition metal catalysts M/CeO,-NX (M: Cu, Co, Fe, Ni
and NX: NP, NR, NC) through the wet impregnation method.

For comparison purposes, two additional samples were synthesized. A bare iron oxide

sample denoted as Fe,03-D was prepared by thermal decomposition of Fe(NO3);-9H,0 at
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500 °C for 2 h and an iron-ceria mixed oxide was prepared as a physical mixture of 7.5 wt.%

Fe,03-D and 92.5 wt.% CeO,-NR, as it was mixed in agate by hand [4].

2.1.3. Synthesis of Surface (Cs)-Promoted Ceria-Based Copper Catalysts

Initially, the Cu/CeO, mixed oxides were prepared by the co-precipitation method [7]. In
particular, a base (NaOH) was added, until pH = 8, to an aqueous solution containing the
appropriate concentration of cerium and copper nitrate precursor compounds (Sigma-
Aldrich) so as to yield a Cu content of 20 wt.%. The obtained precipitate was aged at room
temperature for 12 h, followed by filtration and washing. Then, it was dried at 100 °C and
calcined at 600 °C for 5 h. The preparation procedure is illustrated in Figure 2.5a.

The prepared Cu/CeO, mixed oxides mentioned above were then impregnated with cesium
nitrate (CsNO;, Sigma Aldrich) agueous solutions of appropriate concentration in order to
obtain different Cs contents (0.5-4 atoms per nm” on the basis of the BET surface area of the
un-doped sample, ie., 57 m” g) [7]. On a weight basis, the equivalent Cs content
corresponds to the range of 0.6—4.8 wt.%. The resulting suspensions were then heated until
water evaporation, dried at 100 °C overnight and finally, calcined at 600 °C for 2 h. The
preparation procedure is illustrated in Figure 2.5b. The as-prepared samples are denoted as
CsCuCe-X, where X stands for the Cs content (0-4 atoms per nmz) of the Cu/CeO, mixed

oxides (Table 2.1).

(a) NaOH

™\
[\
1 &

Aging RT/12 h
Cerium and LA — gine
Copper nitrate ) \
precursors —_ ' —_—> ﬁ
Vo

Stirrer Heat Stirrer

Heat o o
o ® [ ®

: ( Icination (
@
W

Cu/CeO,

Drying 100 °C
[overnight
\

=

83



Materials Synthesis and Characterization Studies

(b) Heating under Heating under
stirring stirring
\Ceo-;.\““\ ‘;0'*\@ until water until water

evaporation evaporation

— D—>D

Heat Stirrer Heat Stirrer Shrrer
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Figure 2.5. (a) Synthesis of Cu/CeO, mixed oxides through the co-precipitation method, (b)

== L]

Cs-Cu/fCe0;

synthesis of Cs-doped Cu/CeO, samples through the wet impregnation method.
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Table 2.1. The catalytic materials developed/used in the present thesis.

Experimental conditions

Material Preparation Precursor Aging Drying Calcination Metal loading Characterization Catalytic Reaction
method compounds (wt.%)
parameters  parameters parameters
Bare ceria nanoparticles
Thermal
Ce0;-D Decomposition  Ce(NO;);6H,0 - i 500 °C/2 h - BET, XRDT'sFE'\f({DESDS' TEM, CO+0,
CeO,-P Precipitation 110 °C/12 h !
CeO,-NP o CO+0,
CeO,-NR Hydrothermal Ce(NO;);:6H,0 90°C/24h 90°C/12 h 500 °C/2 h - BET, XRDI'%ZE\QNTPR’ XPS, deN,O
CeO,-NC 180°C/24 h CO,+H,
Ceria-based transition metal catalysts
Cu/Ce0O,-NC
Wet Ce(NO3);-6H,0 o o BET, XRD, XRF, ICP, TEM, CO+0,
Cu/CeO,-NR . 90°C/12 h 500 °C/2 h 8.5
Cu/CeO,-NP Impregnation Cu(NOs3),:2.5H,0 TPR, XPS CO,+H,
Co/Ce0,-NC
W N ‘6H BET, XRD, ICP, TEM, TPR N
Co/CeO,NR Impre entation EgiNggga-gHzg 90°C/12h 500°C/2h 78 , , )fPé ’ ’ g; +2I-c|)
Co/Ce0,-NP preg 327612 +H;
Fe/CeO,-NC
Wet Ce(NOs);-6H,0 . . BET, XRD, ICP, SEM/EDS, CO+0,
Fe/CeO,-NR . 90°C/12 h 500 °C/2 h 7.5
Fe/CeO,-NP Impregnation Fe(NO;);-9H,0 TEM, TPR, XPS CO,+H,
Thermal o
Fe,05-D Decomposition Fe(N03)39H20 500 C/2 h CO+0,
7.5 wt.% Fe,05-D
Fe,05-D
Fe,05-D + CeO,-NR  Physical Mixture €205°D and and 92.5 wt.% C0+0,
CeO,-NR
CeO,-NR
Ni/CeO,-NC
. BE D E
Ni/CeO,-NR wet Ce(NOs)3-6H;0 90°C/12h  500°C/2 h 8.0 T, XRD, ICP, TEM, TPR, CO,+H,
. Impregnation Ni(NOs),-6H,0 XPS
Ni/CeO,-NP
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Cs-Promoted Ceria-Based Copper Oxide Catalysts

. Ce(NO;);-6H,0 100 °C o Cs Cu
CsCuCe-0.0 Co-precipitation Cu(NO,),-6H,0 RT/12 h overnight 600 °C/5 h 0.0 20 BET, XRD, TPR, XPS deN,O
CsCuCe-1.0 1.2
Co-precipitation Ce(NOs)5:6H,0 o o
CsCuCe-2.0 100 °C 600 °C/5 h 2.4
CsCuCe-3.0 . r\é\/(;t{mon Cu(NC(Zgl,\zE)6HZO RT/12 h overnight 600 °C/2 h 36 20 BET, XRD, TPR, XPS deN,O
CsCuCe-4.0 Preg 3 4.8

RT: Room Temperature, CO+0,: CO oxidation reaction, deN,0: N,O decomposition reaction, CO,+H,: CO, hydrogenation reaction
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2.2. CHARACTERIZATION TECHNIQUES

The physicochemical properties of as-prepared materials were thoroughly characterized by
various techniques, both ex situ and in situ. In specific, X-ray Fluorescence (XRF) and
Inductively Coupled Plasma (ICP) were employed for the determination of the actual metal
content, N, adsorption-desorption at =196 °C (BET method) was performed so as to gain
insight into the textural properties, X-ray Diffraction (XRD) for determining the structural
properties, Transmission Electron Microscopy (TEM) for providing the morphological
features, Scanning Electron Microscopy-Energy Dispersive X-ray Spectroscopy (SEM-EDS) for
the elemental mapping, Temperature Programmed Reduction employing H, as a reducing
agent (H,-TPR) for the determination of the redox properties, X-ray Photoelectron
Spectroscopy (XPS) for defining the surface characteristics and Raman spectroscopy in order
to gain insight into the structural defects of as-prepared samples. In particular, the
characterizations of the materials were performed at the Technical University of Crete, the
Chemical Process & Energy Resources Institute (CPERI) of the Centre for Research &
Technology Hellas (CERTH), the University of Porto and the Institute of Electronic Structure
and Laser (IESL-FORTH). The procedure followed for each characterization technique is

presented in the following sub-sections.

2.2.1. Elemental Analysis (XRF, ICP)

The metal content of the materials in weight percentage (wt.%) was determined by X-ray
Fluorescence (XRF) and Inductively Coupled Plasma Atomic Emission Spectroscopy (ICP-AES)
[3,6]. In specific, XRF analyses were performed on an X-ray spectrometer (Amptek X-123)
with Si-PIN photodiode. The X-ray spectrometer contains a solid-state detector, a digital
pulse processor and a multichannel analyzer, which are interfaced with a computer for data
acquisition and analysis. A 25 um thick silver filter and a 250 um thick aluminum filter were
simultaneously used to reduce background and improve signal-to-noise ratio (SNR) in the
energy region (10-30 keV) of the XRF spectrum. The distance between the X-ray tube and
the sample as well as between the detector and the sample were 1 cm. A series of Cu/Ceria
reference samples with a Cu loading in the range of 1-15 wt.% were employed to obtain a
calibration curve. Analysis was performed by the AXIL(RN) software package supplied by the
International Atomic Energy Agency [2]. ICP analysis was performed in a Perkin-Elmer

Optima 4300DV apparatus [6].
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2.2.2. Textural and Structural Characterization (BET and XRD)

The textural characteristics of as-prepared samples were determined by N, adsorption-
desorption isotherms obtained at —196 °C (Nova 2200e Quantachrome flow apparatus or
ASAP 2010 Micromeritics). Specific surface areas (m” g*) were obtained according to the
Brunauer—-Emmett-Teller (BET) method at relative pressures in the 0.05-0.30 range. The
specific pore volume (cm® g') was calculated based on the highest relative pressure,
whereas the average pore size diameter (d,, nm) was determined by the Barrett—Joyner—
Halenda (BJH) method. Prior to measurements, the samples were degassed at 250-300 °C
for 5 h under vacuum [2—4,8].

The crystalline structure of bare ceria and copper-ceria samples was determined by powder
X-ray diffraction (XRD) on a Siemens D 500 diffractometer operated at 40 kV and 30 mA with
Cu Ka radiation (A = 0.154 nm) [2]. Diffractograms were recorded in the 2—80° 26 range and
at a scanning rate of 0.02° s™*. Scherrer's equation (Eq. 1) was employed to determine the
primary particle size of a given crystal phase based on the most intense diffraction peak of

Ce0, (20: 28.5° and 47.6°) and CuO (26: ~35.3° and 38.2°) patterns [2]:

b _ K-A
XRD_B-COSG

€y

where K is the Scherrer constant; A is the wavelength of the X-ray in nm; B is the line
broadening; 8 is the Bragg angle [9].

The structural characterization of cobalt-ceria and iron-ceria samples was carried out by
means of X-ray diffraction (XRD) in a PAN'alytical X'Pert MPD equipped with a X'Celerator
detector and secondary monochromator (Cu Ko A = 0.154 nm, 50 kV, 40 mA; data recorded
at a 0.017° step size, 100 s/step) in the University of Tras-os-Montes e Alto Douro. The
collected spectra were analyzed by Rietveld refinement using PowderCell software, allowing

the determination of crystallite sizes by means of the Williamson—Hall plot [3,4].

2.2.3. Morphological Characterization (TEM, SEM-EDS)

Bare ceria and ceria-based transition-metal samples (M/CeO,, M: Cu, Co, Fe, Ni) were
analyzed on the basis of their morphological features by Transmission electron microscopy
(TEM) and Scanning Electron Microscopy—Energy Dispersive X-ray Spectroscopy (SEM-EDS).
TEM analyses were performed on a Leo 906E apparatus, at 120 kV in University of Tras-os-
Montes e Alto Douro. Samples were dispersed ultrasonically and a 400 mesh

formvar/carbon copper grid was dipped into the solution for the TEM analysis [3,4,6].
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In addition, bare ceria samples were characterized by scanning electron microscopy (SEM),
using a FElI Quanta 400 FEG ESEM (15 keV) electron microscope. The sample powders were
mounted on double sided adhesive tape and observed at different magnifications under two
different detection modes: secondary and backscattered electrons. Energy—dispersive X-ray

spectroscopy (EDS) confirmed the nature of the components [1].

2.2.4. Redox Characterization (H,-TPR)

TPR experiments were carried out in an AMI-200 Catalyst Characterization Instrument
(Altamira Instruments), employing H, as a reducing agent. In a typical H,-TPR experiment, 50
mg of the sample (grain size 180-355 um) was heated up to 1100 °C (10 °C/min), under H,
flow (1.5 cm?®) balanced with He (29 cm®). The H, consumption was calculated by the
integrated area of TPR peaks, calibrated against a known amount of CuO standard sample

[1-4,6].

2.2.5. Surface Characterization (XPS)

XPS analysis was performed using a Kratos AXIS Ultra HSA, with VISION software for data
acquisition and CASAXPS software for data analysis. The samples were pressed into pellets
with ~1 mm thickness and attached to the sample holder with a small cut of double sided
carbon tape. The analysis was performed with a monochromatic Al Ka X-ray source (1486.7
eV), operating at 15 kV (90 W), in FAT mode (Fixed Analyser Transmission), with a pass
energy of 40 eV for regions (ROI) and 80 eV for survey. Data acquisition was performed with
a pressure lower than 1 x 107 Pa, employing a charge neutralization system. The effect of
the electric charge was corrected by the reference of the carbon peak C 1s (285 eV). The
fitting of peak spectra was performed using the CasaXPS software, using Gaussian—

Lorentzian peak shape and Shirley (or Linear) type background subtraction [2].

2.2.6. Structure of anionic sub-lattice and redox properties (Raman)

In situ Raman spectroscopic measurements were undertaken in bare ceria samples [2] by
using a homemade optical Raman cell, described in detail elsewhere [10]. Approximately
150 mg of powderous sample were pressed into a wafer disc that was mounted on the
sample holder of the in situ cell by means of a gold wire. Temperature was controlled and
monitored with a thermocouple located very close to the sample. The 491.5 nm line of a
Cobolt Calypso diode-pumped solid state laser operated at a power level of less than 20 mW
(on the sample) was used for exciting the Raman spectra. The incident laser beam was

slightly defocused by means of a cylindrical lens in order to exclude excessive sample
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irradiance. The sampling depth of the 491.5 nm laser is several hundred molecular layers,
which combined with the area of the irradiation spot result in a considerable sampling
volume that is characteristic of the bulk. Changing the irradiation spot did not cause changes
in the in situ Raman spectra. The scattered light was collected at right angle (horizontal
scattering plane) and analyzed with a 0.85 m Spex 1403 double monochromator with PMT (-
20 °C cooled RCA) detection interfaced with a Labspec acquisition software.

For recording the in situ Raman spectra a recently described protocol was followed [11].
Briefly, each sample was first heated in the in situ Raman furnace under flowing 20% O,/He
(30 cm*/min) at a temperature of 440 °C and subjected to the flowing gas for 30 min and the
in situ Raman spectrum was recorded under oxidizing conditions at 440 °C. Subsequently,
the flowing feed gas was switched to 5% H,/He (50 cm?®/min) at the same temperature (440
°C) and the sample was subjected to flowing reducing atmosphere for 1 h and 45 min in
order to attain steady state and the in situ Raman spectrum was recorded at 440 °C. A
subsequent reoxidation of the sample was performed to check that the initial features of the
Raman spectra obtained under oxidizing conditions could be reinstated. The temperature of
440 °C was chosen, after undertaking the H,-TPR measurements, in order to achieve an
observable spectroscopic effect [11] upon subjecting each sample in oxidation/reduction
cycles.

As before [11], for comparison purposes, normalized and so-called "reduced" Raman spectra
are used. The normalization procedure eliminates the effect of variations in absorption of
incident and scattered light by differently coloured samples, whereas in order to disentangle
the effects caused by temperature (depopulation of ground state, etc.) and focus on the
purely vibrational effects the "reduction" procedure is applied [11]. Briefly, the Stokes

reduced intensity is given by:

-1
% 1
+1| - Iy® (2)

5o o ()

IR(®) =

where Iy (¥) is the measured normalized Raman intensity at wavenumber ¥, ¥ is the
wavenumber of the laser line used and c, h, kg are the velocity of light, Planck's constant and

Boltzmann's constant, respectively [2].
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2.3. CATALYTIC EVALUATION STUDIES

The catalytic materials developed in the present thesis were catalytically evaluated in
different reactions, such as CO oxidation, N,O decomposition and CO, hydrogenation to CH,
and CO. In specific, the catalytic evaluation studies of the materials were performed at the
Technical University of Crete in the Industrial, Energy and Environmental Systems Lab (IEESL)
of the School of Production Engineering and Management, in collaboration with the
Chemical Process & Energy Resources Institute (CPERI) of the Centre for Research &
Technology Hellas (CERTH), the University of Porto, the University of Western Macedonia
and the National and Kapodistrian University of Athens. The procedures followed for the
catalytic studies are presented in the following sub-sections. The following photograph

(Image 2.4) depicts the automated system used during catalytic experiments.

Image 2.4. Automated system of catalytic experiments: (a) Gas Chromatograph AGILENT

7820A, (b) Mass flow controllers, (c) Flow chart of the catalytic unit system.
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2.3.1. CO Oxidation

Catalytic tests of bare ceria and copper-ceria samples for CO oxidation were carried out in a
quartz fixed-bed reactor (9 mm i.d.). The catalyst (400 mg) and a layer of quartz wool were
filled in the reactor. The total flow rate of the feed gas (2000 ppm CO and 1 vol.% O, in He)
was 500 cm’/min, corresponding to a Gas Hour Space Velocity (GHSV) of 39,000 h™.
Catalytic evaluation measurements were carried out by increasing the temperature by 25-
degree steps up to 500 °C. The reactant CO was analyzed by using an online CO analyzer. The

CO conversion (Xco, %) was calculated by the following equation (Eq. 3) [2]:

[Co]in - [Co]out
[COlm

Xco(%) = 100 (3)
where [CO];, and [CO],.: are the CO concentration (ppm) in the inlet and outlet gas streams,
respectively.

Kinetic measurements were also carried out under differential conditions to gain insight into
the intrinsic activity of ceria samples. The specific reaction rate of CO consumption (rco, nmol
m~ s) was calculated using equation (4), whereas the Arrhenius plot was used to

determine the activation energy (E,, ki/mol) and the pre-exponential factor (A, nmol m™s™)

[1,4].
3
Xco - [COJip - F (%)

s cm3 m?
100 - 60 (ﬁ) *Vin (m) " Mcat(8) * SpeT (?)

rco(nmol-m=2-s71) = -10° 4

where F (cm®/min) is the total flow rate, V., (cm?/mol) is the gas molar volume at STP
conditions (298 K and 1 bar), mc.. (g) is the mass of catalyst and Sger (m?/g) is the surface
area.

Catalytic oxidation of CO over iron-ceria samples was performed in a quartz fixed-bed
tubular microreactor (12.95 mm i.d.) at atmospheric pressure, loaded with 0.10 g of catalyst.
The reaction stream consisted of 2000 ppm of CO and 1 vol.% O, balanced with He in a total
feed stream of 80 mL min~* which was controlled (Mass Flow controllers) and homogenized
by a mixing chamber. The catalyst temperature was recorded using a K-Type thermocouple
placed in the catalyst bed and the Gas Hour Space Velocity (GHSV) of the feed stream was
40,000 h™. Prior to catalytic experiments, all samples were treated under a 20 cm?/min flow
of 20 vol.% 0, in He heating up to 480 °C with 10 degrees/min. Samples remained at 480 °C

for 30 min and then the temperature was decreased to 25 °C with the same rate. Final purge
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with He flow was carried out in order to remove physiosorbed species. Catalytic evaluation
measurements were carried out every 20 degrees up to 500 °C. CO and CO, in the effluent
gas were analyzed by gas chromatography (GC), equipped with two fully equipped channels
with separated TCD detectors, injectors and capillary columns. The conversion of CO (Xco)
was calculated from the difference in CO concentration between the inlet and outlet gas
streams, according to equation (3). The specific reaction rate (r, mol m™ s™!) of the CO
conversion was also estimated under differential reaction conditions (Xco < 15%, T = 125 °C,

W/F = 0.075 g s cm ™) using equation (4) [4].

2.3.2. N,O Decomposition

The catalytic studies for the N,O decomposition reaction were carried out in a quartz fixed-
bed U-shaped reactor (0.8 cm i.d.) with 100 mg of catalyst loading (grain size 180-355 um),
diluted with an equal amount of quartz. The total gas flow rate was 150 cm?® (STP) min™
corresponding to a gas hourly space velocity (GHSV) of 40,000 h™'. The feed composition
during N,O catalytic decomposition experiments was 1000 ppm N,O or 1000 ppm N,O + 2.0
v/v% 0O, balanced with He. The N,O conversion performance was monitored in the
temperature range of 200 to 600 °C. Effluents' composition was analyzed by means of a gas
chromatograph (Agilent 7820A or Shimadzu 14B) equipped with a thermal conductivity
detector (TCD) and a flame ionization detector (FID). Prior to the catalytic activity
measurements, the materials under consideration were subjected to further processing
under He flow (100 cm®/min) at 400 °C. In order to minimize the external and internal
diffusion limitations, preliminary experiments concerning the influence of particle size and
W/F ratio on the deN,O catalytic performance were carried out. Based on these
experiments, a catalyst particle size in the range of 180-355 um was selected, in addition to
a W/F ratio of 0.04 g s cm™ [3]. The conversion of N,O (XNZO) was calculated from the
difference in N,O concentration between the inlet and outlet gas streams, according to the
following equation (Eq. 5) [3,7]:

[N20]in — [N20]out

Xn,0(0) = =+ 100 5)

The specific reaction rate (r, mol m™s™*) of the N,O decomposition was also estimated using

the equation below (Eq. 6) [3]:

93



Materials Synthesis and Characterization Studies

cm3
XN,0 * [N2O];p - F(m)

s cm3 m?
100 - 60 (ﬁ) *Vin (m) *Mcat(g) * SpET (?>

r(mol-m=2-s71) =

(6)

where F and V,, are the total flow rate and gas molar volume, respectively, at standard
ambient temperature and pressure conditions (298K and 1 bar), m, is the catalyst's mass

and Sger is the surface area.

2.3.3. Hydrogenation of CO, to Methane (CH,) or Carbon Monoxide (CO)

Catalytic tests for CO, hydrogenation were carried out in a quartz fixed-bed U-shaped
reactor (i.d. = 1 cm), loaded with 200 mg catalyst diluted with 200 mg of inert SiO,. Prior to
experiments, catalysts were reduced in situ at 400 °C for 1 h under pure H, flow (50
cm?/min), followed by flushing with He (10 cm®/min). The experiments were conducted at
atmospheric pressure and in the temperature range of 200-500 °C at intervals of 20-25 °C
and a heating rate of 1 °C/min. The total flow rate of the feed gas mixture was 100 cm*/min,
corresponding to a gas hourly space velocity (GHSV) of 20,000 mL g™ h™. Gas feed consisted
of H,/CO, mixture at a molar ratio of 9 [5,6]. The thermodynamic equilibrium calculations
were derived from the mathematical model RGibbs in Aspen Plus software® [5,6].

Carbon dioxide conversion, Xco,» and product selectivities, Sc¢o and Scu,, were calculated as

follows (Egs. 7-9) [5,6]:

_ ([COz]in * Fin) — ([COz]out * Fout) 1

X = 00 7
€02 [Coz]in * Fin ( )

[Co]out
Sco = -100 8
co [COJout + [CHylout ®

S _ [CH4]out
CH, [COJout + [CHylout

-100 9
where [i]i» and [ilo.: represent the concentrations of reactants (i = CO,) or products (i = CO or

CH,) at the inlet and outlet of the reactor, respectively. F;, and F, are the total flow rates

(cm?/min) at the inlet and outlet of the reactor, respectively.
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CHAPTER 3

Effect of Synthesis Procedure and Ceria's Shape
on the Structural Defects and Surface Chemistry
of Ceria-Based Transition Metal Catalysts M/CeO,
(M: Cu, Fe): Implications in CO Oxidation
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decomposition, precipitation and hydrothermal method of low and high NaOH
concentration) were employed for the synthesis of ceria nanomaterials.

In addition, the present chapter deals with the ceria nanoparticles' shape effects, i.e.,
nanorods (NR), nanopolyhedra (NP) and nanocubes (NC), prepared by the hydrothermal
method on the solid state properties and the CO oxidation performance of copper-ceria and
iron-ceria mixed oxides. In specific, Chapter 3 reports on ceria nanostructures'
morphological effects (cubes, polyhedra, rods) on the textural, structural, surface, redox
properties and, consequently, on the CO oxidation performance of bare ceria (CeO,) and

ceria-based transition metal catalysts M/CeO, (M: Cu, Fe).
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INTRODUCTION

Cerium oxide (CeO,) or ceria has lately received considerable attention as catalyst or
supporting carrier in numerous catalytic processes [1-4], involving, among others, the
oxidation of CO, the reduction of NOx, water-gas shift reaction, reforming reactions, soot
combustion, toxic emissions' abatement, wastewater treatment, as well as in further
applications like optics [5], biotechnology [6] and so on. The wide application range of ceria-
based materials is largely due to the unique properties of ceria, like high thermal stability,
high oxygen storage capacity (OSC) and oxygen mobility [2—4,7-11]. In fact, the facile
transition between the Ce** and Ce*" oxidation states, linked to the formation and
annihilation of surface/structural defects (i.e., oxygen vacancies), is considered responsible
for the superior redox properties of ceria [2—4,11-14].

Moreover, in the nanoscale, materials exhibit important features due to quantum size
effects. The surface area is substantially increased by decreasing particle size to the
nanometer scale. These nanomaterials show abundance in defect sites such as oxygen
vacancies and have more surface atoms than their bulk counterparts [2—4,15-18].

Numerous methods have been employed for the synthesis of nanosized ceria particles, such
as hydrothermal [19,20], sonochemical [21], reverse micelles [22] etc., while precipitation
method is considered as one of the most widely employed methods due to its simplicity and
low cost. The preparation method affects enormously the morphological and surface
characteristics of CeO,, leading to various geometries, such as nanorods, nanocubes,
nanowires, etc. [23,24]. In addition, the variation of several parameters during synthesis
procedure (i.e., temperature and base concentration) can lead not only to different ceria
morphologies with high shape purity, but also to structures with tunable surface areas and
defect concentrations [25-28].

For instance, Liu et al. [29] synthesized CeO, samples by precipitation, hydrothermal and
citrate sol-gel methods. CeO, prepared with hydrothermal method showed larger surface
area, average pore diameter and pore volume. Makinose et al. [30] fabricated ceria
nanoparticles (NPs) with controlled crystal orientations through an oleate-modified
hydrothermal method, which revealed that by altering the molar ratio of the ions in the
reaction solution, different ceria facets could be obtained.

Although the majority of ceria-based applications relies on ceria particles of not well-defined
morphology, recent theoretical [10,31,32] and experimental [27,33-39] studies have
revealed that the redox and, in consequence, the catalytic properties of ceria can be

significantly enhanced by tailoring the shape and size of the particles. In fact, ceria
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functionalization via nanosynthesis routes can exert significant alterations on the structural,
surface and redox properties, arising from quantum size effects.

Nano-ceria exhibits abundance of defect sites (e.g., oxygen vacancies) and surface atoms,
when compared to the bulk counterpart. Numerous studies [34,40—44] have focused on the
fine-tuning of ceria through the development of materials with predefined structural and
textural characteristics. On the other hand, it was clearly revealed that the energy formation
of anionic vacancies is dependent on the exposed nanocrystals' facets, following the
sequence: {111} > {100} > {110}. In this regard, research efforts have been devoted to the
synthesis of ceria nanoparticles with abundance of active crystal planes [14,37,41,43—-47]. In
this regard, Piumetti et al. [48] showed that ceria nanocubes exhibited the best catalytic
performance for the soot combustion due to the abundance of highly reactive {100} and
{110} surfaces. Aneggi et al. [49] also showed, by comparing ceria samples of similar surface
area, that a higher soot oxidation activity can be obtained for nanocubes and nanorods as
compared to polycrystalline samples.

Despite the excellent redox properties of bare ceria that can be further adjusted by
engineering its shape and size, the majority of heterogeneous catalysts are based on
supported systems rather than on individual counterparts, in view of the fact that "the
whole is more than the sum of its parts" [40,50]. Combining ceria with transition metals can
improve the catalytic performance due to a peculiar synergistic effect linked to metal-
support interactions [40,51,52]. Electronic, geometric and bifunctional interactions between
both components are thought to be responsible for the enhanced performance of mixed
oxides, when compared to bare oxides [53]. Despite the progress in the field, the
fundamental understanding and the experimental verification of the aforementioned
"synergistic" phenomena are still under debate [40,50].

Among the different ceria-based catalysts, the copper-ceria system has triggered a
substantial interest in heterogeneous catalysis, due to its unique catalytic properties and
lower cost compared to noble metal-based catalysts. Nowadays, it is well documented that
the complex copper-ceria interactions can be accounted for the enhanced -catalytic
performance. The advances in relation to the role of copper-ceria interactions in catalysis
have been recently comprehensively reviewed [17]. Based on the most constructive
experimental and conceptual studies, the superiority of Cu/CeO, system can be mainly
ascribed to a synergistic effect. In particular, various interrelated phenomena were revealed
to affect the interfacial interactions with great consequences on the catalytic performance:

(i) electronic perturbations between copper and ceria nanoparticles, (ii) facilitation of the
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interplay between Cu®*/Cu* and Ce*'/Ce* redox couples, (iii) facilitation of oxygen vacancies'
formation, (iv) enhanced oxygen mobility and reducibility, (v) formation of interfacial sites of
unique activity [17].

In addition, it is of great importance to develop cost-effective and highly efficient noble
metal-free catalysts based on copper oxide (CuO) or iron oxide (Fe,03), which is considered
to be one of the cheapest metal oxides [54]. Among the various catalytic systems, iron-ceria
mixed oxides have been studied in several catalytic reactions, such as oxidation processes
[54-58], reduction processes [59,60], decomposition reactions [61,62], soot combustion
[63,64], etc. However, the Fe,03/Ce0, binary system has not been extensively investigated
in relation to the support's shape dependence of catalytic activity, which is a high engaging
topic.

In light of the above aspects, the adjustment of ceria characteristics, in terms of size and
morphology, can exert a profound influence on the aforementioned parameters with great
implications in catalysis [17,39,65—68]. For instance, Ouyang et al. [46] found that Cu
supported on ceria nanorods exhibited the optimum CO, hydrogenation activity among
different ceria morphologies (nanorods, nanocubes, nanoparticles), ascribed to the strong
interaction between copper and ceria nanorods. On the other hand, copper-ceria
nanospheres/octahedrons exhibited the optimum water-gas shift activity in comparison with
nanorods and nanocubes, which was attributed to the presence of defects and
imperfections in the support that favoured strong metal-support interactions, as generally
stated [47,67]. In a similar manner, the exposed facets of {111}/{100} of copper-ceria
nanospheres exhibited higher activity than nanorods for CO oxidation, due to the existence
of more reducible CuO, clusters on the nanospheres' surface [69]. In general, the different
exposed crystal planes of ceria can alter the geometry and coordination environment of
copper ions, affecting the catalytic activity of Cu/Ceria binary system in different ways,
depending on the reaction environment [37,45,67,69-71].

CO oxidation reaction has been widely employed as probe reaction to gain insight into the
structure-activity correlations [7,13,14,23,28,41,72,73]. It is generally believed that CO
oxidation over ceria proceeds through a Mars-van Krevelen mechanism which involves the
removal of surface lattice oxygen by CO and the consequent annihilation of oxygen
vacancies by gas phase oxygen [73].

Despite the intense interest in the field, the fundamental origin of nanoceria shape effects in
catalysis is still a matter of debate. In particular, there is still a lack of atomistic

understanding concerning the impact of exposed facets on the solid state properties and, in
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turn, on the catalytic performance of ceria-based catalysts. The present chapter aims at
comparatively exploring the impact of various widely employed synthesis methods, i.e.,
precipitation, thermal decomposition and hydrothermal, on the solid state properties of
ceria samples. Particular emphasis is given on the synthesis parameters in order for the
preparation methods to be cost-effective and not time-consuming. In addition, in the
present chapter, the hydrothermally prepared ceria nanostructures (rods, polyhedra, cubes)
were employed as supporting carriers for Cu- and Fe-based catalysts. Various ex situ (surface
area determination, X-ray diffraction, X-ray fluorescence, H,-temperature programmed
reduction, transmission electron microscopy, X-ray photoelectron spectroscopy) and in situ
(Raman spectroscopy) characterization techniques were employed to gain insight into the
impact of ceria exposed facets on the structural defects and surface chemistry of copper-
ceria and iron-ceria binary oxides. CO oxidation was employed as probe reaction to reveal

the structure-activity relationships.

3.1. EXPERIMENTAL

3.1.1. Materials Synthesis

All of the chemicals used were of analytical reagent grade. Ce(NO3);:6H,0 (purity = 99.0%,
Fluka), Cu(NOs),-2.5H,0 (Fluka) and Fe(NOs)s-9H,0 (= 98%, Sigma-Aldrich) were used as
precursors for the preparation of ceria, Cu/Ceria and Fe/Ceria materials. NH; (25% v/v,
EMSURE), NaOH (purity = 98%, Sigma-Aldrich), ethanol (purity 99.8%, ACROS) and double
deionized water were also employed during synthesis procedure.

The catalysts developed in this chapter (CeO,-D, CeO,-P, CeO,-NP, CeO,-NR, CeO,-NC,
Cu/Ce0,-NP, Cu/Ce0,-NR, Cu/CeO,-NC, Fe/CeO,-NP, Fe/CeO,-NR, Fe/CeO,-NC) were
prepared by the methods described in Chapter 2 in section 2.1 (Materials Synthesis). Also,

Table 2.1 in Chapter 2 presents all the materials developed in this study.

3.1.2. Materials Characterization

The textural characteristics of as-prepared catalysts were determined by the N, adsorption—
desorption isotherms at —196 °C. The crystalline structure of ceria samples was determined
by powder X-ray diffraction (XRD). Scherrer's equation (see Eq. 1 in Chapter 2) was
employed to determine the particle sizes of bare ceria and copper-ceria samples. The
collected spectra of iron-ceria samples were analyzed by Rietveld refinement, allowing the
determination of crystallite sizes by means of the Williamson—Hall plot. The redox properties

of the samples were assessed by temperature programmed reduction under H, atmosphere
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(H,-TPR). Morphological characterization was carried out by scanning/transmission electron
microscopy (SEM/TEM) analyses. The surface properties were determined by X-ray
photoelectron spectroscopy (XPS). Also, in situ Raman spectroscopic measurements were
undertaken. The characterization techniques are fully described in Chapter 2 in section 2.2

(Characterization Techniques).
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3.2. CHARACTERIZATION STUDIES OF BARE CERIA OXIDES

3.2.1. Textural and Structural Characterization (BET and XRD)

The main textural properties of ceria materials are presented in Table 3.1. By assuming
particles' sphericity, the average grain size, Dger, Was also calculated using the following
equation (Eq. 1).

6-1000
Dper = —<q— ¢y

where S is the BET surface area (m® g™) and d is the density of ceria in the fluorite structure
(7.215 g cm™) [74].

As it can be observed from Table 3.1, the sample prepared by the hydrothermal method of
low NaOH concentration (CeO,-NP) possesses the highest BET surface area (109 m® g™%),
followed by CeO,-NR (92 m* g™), CeO,-D (87 m”> g™"), Ce0,-P (53 m? g™*) and CeO,-NC (40 m?

g™l

Table 3.1. Textural and structural characteristics of ceria samples.

BET Analysis XRD Analysis
Average Average Average U]
Sample BET Surface Area Pore Volume - o crystallite
y 1 3 1 Pore Size  grain size, . (Dger/Dxro)
(m“g™) (cm’g™) (hm) Decr (nm)! diameter, Dygp
BET (nm)Z
Ce0,-NC 40 0.12 12.5 21.1 19.2 1.10
CeO,-P 53 0.087 6.6 15.6 15.2 1.03
CeO,-D 87 0.25 11.6 9.5 9.3 1.02
CeO,-NR 92 0.71 30.9 9.1 13.2 0.69
CeO,-NP 109 1.04 38.1 7.6 9.5 0.80
! Calculated applying eq. (1); * Calculated applying Scherrer's equation (see Eq. (1) in Chapter

2).

Figure 3.1 depicts the results of BET surface area as a function of average grain size (Dggr) for
the different ceria samples. Evidently, there is an inverse trend between the BET surface
area and the average grain size, implying that the surface area of ceria samples increase with

decreasing grain size [75].
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Figure 3.1. BET surface area as a function of average grain size (Dgg) for ceria samples.
Adapted with permission from Reference [76]. Copyright© 2017, The Royal Society of

Chemistry.

To gain insight into the extent of agglomeration of the primary crystallites, the factor { =
Dger/Dyro Was also calculated (Table 3.1) [77]. The CeO,-P and CeO,-D samples prepared by
precipitation and thermal decomposition, respectively, exhibit a similar { value of ca. 1.0,
implying no degree of aggregation. However, the crystallite size is larger than Dggr for CeO,-
NR and CeO,-NP, resulting in { values lower than 1.0 (0.69 and 0.80, respectively). The latter
indicates non-spherical particles with a small degree of aggregation [78]. Also, the CeO,-NC
sample exhibits a value higher than 1. Therefore, the assumption of the particles' sphericity
for the calculation of Dger may not apply to the samples prepared by the hydrothermal
method. This finding is in accordance with the TEM analysis (vide infra), which indicates the
formation of nanoparticles of specific shape (e.g., nanorods, nanocubes, nanopolyhedra) in
the hydrothermally prepared ceria samples.

Figure 3.2a shows the Barrett—Joyner—Halenda (BJH) desorption pore size distribution (PSD)
of as-prepared samples. In all cases, maxima at pore diameters higher than 3 nm are
obtained, implying the mesoporosity of the samples [79]. This can be further corroborated
by the existence of adsorption—desorption isotherms of type IV with hysteresis loop at a
relative pressure above 0.5 (Figure 3.2b) [57,59,80,81]. The CeO,-NP sample possesses the
highest average pore size (38.1 nm), followed by CeO,-NR (30.9 nm), CeO,-NC (12.5 nm),
Ce0,-D (11.6 nm) and CeO,-P (6.6 nm). Moreover, the hydrothermally prepared samples
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display a broader PSD as compared to the ones prepared by thermal decomposition and

precipitation (Figure 3.2a).
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Figure 3.2. (a) BJH desorption pore size distribution and (b) adsorption—desorption
isotherms of as-prepared ceria samples. Adapted with permission from Reference [76].

Copyright© 2017, The Royal Society of Chemistry.

The XRD patterns of ceria samples are presented in Figure 3.3. All samples exhibit similar

patterns. The main peaks can be indexed to the (111), (200), (220), (311), (222), (400), (331)
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and (420) planes of a face-centred cubic fluorite structure of ceria (Fm3m symmetry, no.
225) [82]. It is obvious that the CeO,-NP and CeO,-D samples have broader peaks than the

other three samples, indicating a smaller crystallite size (Dygp in Table 3.1) [18].
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Figure 3.3. XRD patterns of ceria samples. Adapted with permission from Reference [76].

Copyright© 2017, The Royal Society of Chemistry.

3.2.2. Morphological Characterization (SEM/TEM)

The SEM and TEM images of ceria samples prepared by different methods are depicted in
Figure 3.4. It is obvious that the samples exhibit different morphologies. According to SEM
analyses [76] (Figure 3.4 (a, c, e, g, i)), CeO,-D (Figure 3.4a) shows flat surfaces with some
cracks, which resemble "star" forms. Nevertheless, EDS (not shown) performed in different
zones showed that the composition is similar in all regions, that is, cerium oxide. CeO,-P is
shown in Figure 3.4c and different areas are seen again, namely more "solid rocks" together
with fragmented material. The hydrothermally prepared sample of low NaOH concentration
(Figure 3.4e) exhibits slight agglomeration of the nanoparticles whereas the sample
prepared by the hydrothermal method employing high NaOH concentration (Figure 3.6g)
implies the existence of a rod-like morphology. Figure 3.4i shows particles of a specific shape
that cannot be clearly distinguished by SEM analysis.

In order to clearly gain insight into the impact of preparation procedure on the
morphological characteristics of ceria NPs, transmission electron microscopy (TEM) studies

were also carried out [76]. Figure 3.4 (b, d, f, h, j) depicts representative images of ceria
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samples. Ce0,-D (Figure 3.4b) shows some needle-like features with sizes up to 150 nm, and
some smaller particles. CeO,-P is shown in Figure 3.4d and some spherical/polyhedral forms
can be visualized ranging from 10 to 50 nm. The hydrothermally prepared sample of low
NaOH concentration (Figure 3.4f) exhibits mostly nanopolyhedra of irregular shapes with
their sizes varying between 5 and 11 nm, along with some nanorods. The sample prepared
by the hydrothermal method, employing high NaOH concentration (Figure 3.4h) shows the
existence of a rod-like morphology, confirming the SEM results. The rods' length varies from
25 to 200 nm and their width ranges from 10 to 18 nm. The hydrothermally prepared sample

which was aged at 180 °C for 24 h, clearly exhibits a cubic morphology with the cubes' size

varying between 15 and 30 nm.

Figure 3.4. (3, ¢, e, g, i) SEM and (b, d, f, h, j) TEM images of ceria samples: (a, b) CeO,-D, (c,
d) CeO,-P, (e, f) CeO,-NP, (g, h) CeO,-NR, (i, j) CeO,-NC. Adapted with permission from
Reference [76]. Copyright© 2017, The Royal Society of Chemistry.

3.2.3. Redox Properties (H,-TPR)
TPR experiments were also carried out to investigate the impact of the preparation method
on the redox properties of ceria samples. Figure 3.5 presents the reduction profiles of CeO,

samples, which consist of two broad peaks centred at ca. 550 °C and 800 °C. They have been
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ascribed to the reduction of surface oxygen (O,) and bulk oxygen (Oy) of ceria, respectively

[18,41,49,83,84].
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Figure 3.5. H,-TPR profiles of ceria samples. Adapted with permission from Reference [76].

Copyright© 2017, The Royal Society of Chemistry.

The H, consumption which corresponds to surface oxygen and bulk oxygen reduction is
presented in Table 3.2. Notably, the ratio of O,/O, is affected by the preparation method,
following the order: CeO,-P (0.56) < CeO,-NC (0.71) < Ce0,-D (0.72) < CeO,-NP (0.94) < CeO,-
NR (1.13). These results indicate that CeO,-NR exhibits the highest population of loosely
bound labile oxygen species, resulting in enhanced reducibility and oxygen mobility. In terms
of oxygen storage capacity (OSC, Table 3.2), the following trend is obtained: CeO,-P (0.20
mmol 0, g') < Ce0,-NC (0.21 mmol 0, g™) < CeO,-NP (0.24 mmol 0, g*) < CeO,-D (0.25
mmol 0, g™') < Ce0,-NR (0.29 mmol 0, g™*). This order coincides relatively well with the

catalytic activity (vide infra), revealing the key role of reducibility.

Table 3.2. Redox characteristics of ceria samples.

H, consumption Peak

Sample (mmol H, g™ OS/Qb 0sC . Temperature

O, Ob ratio (mmol 0, g7) O, Os

Total

peak  peak peak  peak

CeO,-P 0.39 0.69 1.08 0.56 0.20 525 795
CeO,-D 0.50 0.69 1.19 0.72 0.25 535 790
CeO,-NC 0.41 0.58 0.99 0.71 0.21 589 809
CeO,-NP 0.48 0.51 0.99 0.94 0.24 555 804
Ce0O,-NR 0.59 0.52 1.11 1.13 0.29 545 788

108



Chapter 3

It is also worth noticing that CeO,-NR and CeO,-D, and to a lesser extent CeO,-NP, exhibit a
main O, peak at 550 °C, accompanied by a shoulder peak at about 450 °C, in contrast to
Ce0,-NC which shows one main peak at 589 °C. The latter is in agreement with the lower
temperature reduction of {110} and {100} surfaces as compared to {111} [37,45,46].
However, the temperature of maximum H, consumption (T,.x) is strongly dependent on
exposed facets, being lower on {100} and {110} surfaces [49,85]; this indicates a higher
contribution of these particular facets on CeO,-NR and CeO,-D samples. This is in agreement
with the TEM analysis (Figure 3.4), which implies the formation of nanorods over Ceria-NR
sample and to a lesser extent over Ce0,-D. In a similar manner, a decrease in the T, by
more than 100 °C has been observed with nanoshaped (nanocubes/nanorods) compared to
polycrystalline conventional ceria [49]. Moreover, it should be noted that the size of CeO,
NPs strongly affects the surface reduction, being facilitated at smaller sizes [83]. In view of
the above aspects, the variation of surface-to-bulk oxygen, both in quantitative and
qualitative terms (Figure 3.5, Table 3.2), can be attributed to the different exposed facets as
well as to the different ceria NPs size. The present findings unambiguously revealed the
pronounced impact of hydrothermal synthesis on the reduction of surface-capping oxygen
of ceria. The sample prepared by the hydrothermal method of high NaOH concentration
(CeO,-NR) shows the highest O,/Oy, ratio, which is related to its improved reducibility and

high oxygen mobility [86].

3.2.4. Surface Analysis (XPS)

Information about the different elements existing on the surface and their oxidation state
are next obtained by X-ray photoelectron spectroscopy. High resolution spectra of Ce 3d and
O 1s photoelectrons were obtained (Figures 3.6 a,b). The Ce 3d spectra are analyzed into
eight components which correspond to four pairs of spin-orbit doublets (Figure 3.6a). The Ce
3d3/; and Ce 3ds;, spin-orbit components are labelled as u and v, respectively. The peaks
labelled as v (882.4 eV), v" (888.9 eV) and v" (898.3 eV) correspond to 3ds, level of Ce*,
while the peaks labelled as u (900.9 eV), u" (907.7 eV) and u™ (916.8 eV) are assigned to
3ds, level of Ce* [85]. The v and v" peaks are assigned to a mixing of Ce 3d°4f* O 2p* and Ce
3d° 4f' O 2p° of Ce™ states and the v peak corresponds to the Ce 3d°4f° O 2p° of Ce* final
state [87]. The peaks tagged as v' (883.7 eV) and u' (902.2 eV) correspond to one of the two
possible electron configurations of the final state of Ce®* species. The ratio of the area for
Ce*" peaks to the whole peak area in Ce 3d region can lead to the relative amount of Ce®*

[88].
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The corresponding O 1s spectra are illustrated in Figure 3.6b. Curve-fitting reveals the
presence of two peaks. The low binding energy peaks centred at 529.4 eV (O,) are assigned
to lattice oxygen while the peaks at 531.3 eV (O, are attributed to surface adsorbed oxygen
species, hydroxyl/carbonate groups and oxygen vacancies [88—91]. The relative populations
of O, and O, along with their ratio (0,/0,) are included in Table 3.3. The CeO,-NR sample
exhibits the highest ratio (2.13), followed by CeO,-NP (2.04), CeO,-NC (1.99), CeO,-D (1.97)
and Ce0,-P (1.71). Similar results in relation to the abundance of oxygen lattice (O,) species

on hydrothermally prepared ceria polymorphs have been recently reported [92].
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Figure 3.6. XPS spectra of (a) Ce 3d and (b) O 1s region of ceria samples. Adapted with
permission from Reference [76]. Copyright© 2017, The Royal Society of Chemistry.
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Table 3.3 shows that all samples have a similar amount of Ce®, which varies between 23.3
and 26.5%. These findings are in accordance with relative literature studies [23,27], where it
was found that very similar Ce 3d spectra profiles can be obtained between ceria samples of
different morphology, despite the quite different amount of defect sites in the sub-
surface/bulk of ceria. In any case, no definitive conclusions in relation to the contribution of
Ce* on the diverse reducibility of the present samples can be revealed. In complete
agreement, it was found that the concentration of Ce®* species is almost the same among
ceria NPs of different particle size, despite their extremely different redox characteristics

[83].

Table 3.3. XPS results for ceria samples.

Sample 0 (%) 0y (%) 0/0y ce’ (%)
CeO,-P 63.1 36.9 1.71 26.5
Ce0O,-D 66.4 33.6 1.97 26.4
Ce0,-NC 66.5 335 1.99 23.3
CeO,-NP 67.1 32.9 2.04 25.3
CeO,-NR 68.1 31.9 2.13 24.3

These findings in conjunction to the TPR results (vide supra) clearly demonstrated that CeO,-
NR have the highest population of loosely bound oxygen species, offering improved
reducibility and oxygen mobility. The latter is expected to notably affect the redox-type

mechanism involved in CO oxidation (vide infra).

3.2.5. In situ Raman Spectroscopy

In situ Raman spectroscopy was employed for the hydrothermally prepared samples, i.e.,
Ce0,-NP, Ce0,-NR and Ce0,-NC, in order to gain insight into the impact of ceria morphology
on the structural defects. Figure 3.7a shows the in situ steady-state Raman spectra obtained
for the CeO,-NR, CeO,-NP and CeO,-NC samples at 440 °C under flowing 20% O,/He gas, i.e.,
under oxidizing conditions. The characteristic F,, mode due to the Fm3m fluorite cubic ceria
structure observed at 457 cm™ prevails in all spectra. Additionally, as reported previously
[27,93,94], a weak band at ~260 cm™ (due to second order transverse acoustic mode) and
the so-called defect-induced band (band "D") at ~600 cm™ "leak" as result of relaxation of
symmetry selection rules caused by structural perturbations of the ceria cubic lattice. The
intensity of the "D" band is a measure of the deformation of the anionic lattice that leads to
punctual defects and O vacancies. Thus, the Ip/Igy, ratio is commensurate to the abundance

of structural defects [93]. The anionic lattice of bare ceria is known to be deformed due to O
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atoms' relocation from the interior of tetrahedral cationic sub-lattice sites to the interior of
ideally empty octahedral cationic sites (Frenkel interstitial sites) [95].

Previously, it was demonstrated that the "D" band is comprised of at least two components,
"D1" (above 600 cm™) and "D2" (below 600 cm™) [93,94]. Sequential in situ steady-state
Raman spectra under alternating oxidizing and reducing flowing gas at 450 °C were adequate
to demonstrate that band D1 is due to Ce—O modes involving O atoms that are relatively
loosely bound (e.g., in Frenkel interstitial sites) and can be detached under the applied
reducing conditions at 450 °C, whereas band D2 is due to vibrational modes within
coordinatively unsaturated sites (e.g., MO;) and remains unaffected under reducing
conditions at 450 °C [93].

Clearly (as seen in Fig. 3.7b), a higher abundance of defects (evidenced by the pertinent
relative Ip/lgy, ratios shown in arbitrary scale) is observed for the CeO,-NR polymorph and
the actual trend, i.e., CeO,-NR > CeO,-NP > Ce0,-NC, agrees with the aforementioned redox

results as well as with the catalytic activity results discussed below.

BI;IIJ . BI!IIJ . 460 . 2I;IIJ
Raman shift [cm"]
Figure 3.7. (a) In situ Raman spectra obtained for ceria samples prepared by the
hydrothermal method (NR, NP and NC as indicated by each spectrum), (b) I/l intensity
ratio. Laser wavelength, Aq = 491.5 nm; laser power, w = 25 mW; spectral slit width, 6 cm™,

Adapted with permission from Reference [96]. Copyright® 2018, Elsevier.
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Figures 3.8-3.10 show the in situ steady-state sequential Raman spectra obtained at 440 °C
for CeO,-NR (Fig. 3.8), CeO,-NP (Fig. 3.9) and CeO,-NC (Fig. 3.10) under oxidizing atmosphere
(after treatment for 1 h under flowing 20% O,/He; spectra marked by (a)) and under
reducing atmosphere (after treatment for 1 h and 45 min under flowing 5% H,/He; spectra
marked by (b)). In agreement to our recent detailed report [93], it is evidenced (see insets
(A) in Figs. 3.8-3.10 focusing in the region of the "D" band) that under reducing conditions,
the "D" band at ~600 cm™ loses intensity on its high wavenumber side, namely D1, thereby
indicating that the Frenkel O interstitials are loosely bound and can be delivered under the
applied reducing conditions. By subtracting spectra (b) from their counterpart spectra (a) we
obtain the spectroscopic fingerprint of the detached O atoms (traces (c) in insets (A), Figs.
3.8-3.10), as established recently [93,94]. Remarkably, the intensity of the difference band
in traces (c) seems to follow the order CeO,-NR > CeO,-NP > CeO,-NC, thereby corroborating
the corresponding reducibility sequence evidenced independently by H,-TPR.

Additionally, the F,, band undergoes a slight red shift under reducing conditions (see insets
(B) in Figs. 3.8-3.10 that focus on the spectral region of the F,; band). The observed red shift
is justified by a partial Ce* — Ce®* reduction that results in lattice expansion due to the
higher ionic radius of Ce® compared to Ce* (i.r.ces+cnog= 1.13 A > i.r.ces+ cnog =
0.97 A), along with a probable particle size decrease, with both effects contributing to a
slight red shift. Notably, this effect also follows the same trend, i.e., CeO,-NR > CeO,-NP >
Ce0,-NC, thereby indicating a higher susceptibility for the CeO,-NR polymorph to reducing
conditions.

Previously [93], it was demonstrated by in situ Raman spectroscopy that CeO, and CeO,-
ZrO,-based materials undergo a reversible temperature dependence of their anionic sub-
lattice structure, which is indicative of a corresponding reversible temperature dependence
of their defect topologies. Accordingly, following successive reduction/oxidation cycles, the
anionic sub-lattice structure is fully reinstated after treating the CeO,-NR, CeO,-NP and

Ce0,-NC samples under flowing 20% O,/He gas at 440 °C for 30 min.
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Figure 3.8. In situ sequential Raman spectra obtained for CeO,-NR: (a) under flowing 20%
0,/He; (b) under flowing 5 % H,/He. Insets: (A) trace (c) obtained after subtracting trace (b)
from trace (a); (B) focus on the spectral region of the F,, band. Recording parameters: see

Figure 3.7 caption. Adapted with permission from Reference [96]. Copyright® 2018, Elsevier.
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Figure 3.9. In situ sequential Raman spectra obtained for CeO,-NP: (a) under flowing 20%
0,/He; (b) under flowing 5% H,/He. Insets: (A) trace (c) obtained after subtracting trace (b)
from trace (a); (B) focus on the spectral region of the F,, band. Recording parameters: see

Figure 3.7 caption. Adapted with permission from Reference [96]. Copyright® 2018, Elsevier.
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Figure 3.10. /n situ sequential Raman spectra obtained for CeO,-NC: (a) under flowing 20%

0,/He; (b) under flowing 5% H,/He. Insets: (A) trace (c) obtained after subtracting trace (b)

from trace (a); (B) Focus on the spectral region of the F,; band. Recording parameters: see

Figure 3.7 caption. Adapted with permission from Reference [96]. Copyright® 2018, Elsevier.
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3.3. CHARACTERIZATION STUDIES OF CERIA-BASED TRANSITION METAL CATALYSTS

The characterization results of ceria-based transition metal catalysts (M/CeO,, M: Cu, Fe) are
presented in this sub-chapter.lit ought to be mentioned, however, that the characterization
results of the Fe/CeO, samples will be briefly presented in the present thesis for comparison

purposes only, as they will be extensively discussed in the PhD thesis of Sofia Stefa [97].

3.3.1. Textural and Structural Characterization (BET and XRD)

The main textural properties of ceria-based samples (BET surface area, total pore volume,
average pore size diameter) are presented in Table 3.4. Bare ceria supports exhibit higher
BET surface areas (see section 3.2.1) as compared to Cu/CeO, and Fe/CeO, samples. The
incorporation of copper into the ceria carrier leads to a decrease in the BET surface area; a
reduction percentage of 13-18% in BET surface area is observed in all cases. The sample
with the morphology of nanopolyhedra exhibits the highest BET surface area before and
after the incorporation of copper into the ceria support. In particular, the following order
regarding the BET surface area of copper-ceria samples is obtained: Cu/CeO,-NP (91 m* g™)
> Cu/Ce0,-NR (75 m* g*) > Cu/Ce0,-NC (34 m” g%). As for the iron-ceria samples, the
following order is obtained: Fe/CeO,-NR (69 m” g™*) > Fe/CeO,-NP (64 m” g™*) > Fe/Ce0,-NC
(32 m* g™) [97]. The actual Cu content was determined by XRF analysis for all three copper-

ceria samples as ~7.5 wt.% (Table 3.4).

Table 3.4. Textural and structural characteristics of Cu/CeO, and Fe/CeO, samples.

. . XRF
BET Analysis XRD Analysis Analysis
Sample BET Surface Pore Average Average crystallite diameter,
. 1 Cu content
Area Volume  Pore Size Dyro (NmM) U
(m*g™) (em*g™) (nm) CeO, CuO/Fe,04 (wt.%)
Cu/Ce0,-NC 34 0.29 33.4 19.2 52 7.2
Cu/CeO,-NR 75 0.40 21.2 11.6 43 7.4
Cu/CeO,-NP 91 0.29 12.7 9.6 31 7.6
Fe/Ce0,-NC 32 0.19 23.3 16.8° 52°
Fe/CeO,-NR 69 0.19 11.3 9.7 72
Fe/CeO,-NP 64 0.12 7.6 8.5 17°

! Calculated applying Scherrer's equation (see Eq. (1) in Chapter 2); * Calculated applying the
Williamson—Hall plot after Rietveld refinement of diffractograms; ® Cu content was
determined via a linear calibration line with R?> > 0.99 obtained by the analysis of reference
copper-ceria samples by XRF.

Figures 3.11a and b show the Barrett—Joyner-Halenda (BJH) desorption pore size

distribution (PSD) and the adsorption—desorption isotherms of copper-ceria samples,
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respectively. Similarly to bare ceria nanoparticles, the mesoporosity of copper-ceria samples

is evident.
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Figure 3.11. (a) BJH desorption pore size distribution (PSD) and (b) adsorption—desorption

isotherms of Cu/CeO, samples of different morphology (NP-nanopolyhedra, NR-nanorods,

NC-nanocubes). Adapted with permission from Reference [96]. Copyright® 2018, Elsevier.

The XRD patterns of copper-ceria samples are shown in Figure 3.12. The main peaks can be

indexed to (111), (200), (220), (311), (222), (400), (331) and (420) planes of a face-centred
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cubic fluorite structure of ceria (Fm3m symmetry, no. 225) [82]. The XRD peaks
corresponding to CuO crystal phases at 26 35.3° 38.2° and 62° are observed for all the
catalysts, indicating heterodispersion or aggregation of copper species on the surface of

cerium oxide [89,98].

@ CeO, ®
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26 ()
Figure 3.12. XRD patterns of Cu/CeO, samples of different morphology (NP-nanopolyhedra,
NR-nanorods, NC-nanocubes). Adapted with permission from Reference [96]. Copyright®
2018, Elsevier. The peaks at 20 = 42-44° in the Cu/CeO,-NC sample are attributed to

interferences from the stainless steel sample holder.

The average crystallite diameter of CeO, and CuO phases were evaluated by XRD diffractions
by employing Scherrer's equation (Table 3.4). Measurements of the CeO, mean particle size
resulted in 19.2, 11.6 and 9.6 nm for the Cu/CeO,-NC, Cu/CeO,-NR and Cu/CeO,-NP,
respectively. More or less the same crystallite size was calculated for bare ceria supports,
declaring that the addition of copper into ceria does not affect the structural characteristics
of ceria supports (see TEM analysis below). Similar crystallite sizes to that obtained here
have been recently reported for ceria nanocubes, nanorods and nanopolyhedra prepared by
the hydrothermal method [47]. It should be also noted that Cu/CeO,-NC exhibits the largest
ceria crystallite size as well as the smallest BET surface area, leading to the largest CuO
particle size and to inferior catalytic performance as will be discussed in the sequence.

Regarding the mean particle size of copper phase the following order was recorded:

Cu/Ce0,-NC (52 nm) > Cu/CeO,-NR (43 nm) > Cu/Ce0,-NP (31 nm), which coincides to that
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obtained for Ce0,. In view of this fact, it has been reported that the structural characteristics
of ceria can determine the particle size of CuO, with direct implications in catalytic activity
[47]. Interestingly, the same trend, in relation to Cu particle size vs. ceria morphology (NC,
NR, NP), has been recently found for 20 wt.% Cu/CeO, catalysts, verifying the present
findings [70]. It is also worth mentioning that the crystallite size of both ceria and CuO
particles follows the reverse order of BET area (Table 3.4), implying an agglomeration upon
surface area decrease. The same trend was observed by Zabilskiy et al. [37] for nanoshaped
Cu/CeO, catalysts.

The corresponding results regarding the Fe/Ce02 samples are summarized in Table 3.4 [97].
In particular, the CeO, crystallite size is 16.8, 9.7 and 8.5 nm for Fe/Ce0,-NC, Fe/CeO,-NR
and Fe/Ce0,-NP, respectively [97]. Taking into account the crystallite size of iron oxide
phase, the following order was obtained: Fe/CeO,-NC (52 nm) > Fe/CeO,-NP (17 nm) >
Fe/CeO,-NR (7 nm) [97].

3.3.2. Redox Properties (H,-TPR)

TPR experiments, employing H, as a reducing agent, were carried out to gain insight into the
impact of ceria morphology on the redox properties of as-prepared samples. The reduction
profiles of Cu/Ceria samples along with that of a CuO reference sample are depicted in
Figure 3.13. In Table 3.5 the main reduction peaks along with their corresponding H,
consumption (mmol H, g™) are summarized. Bare CuO has one reduction peak at 380-392
°C, in accordance with the literature [99]. The reduction profiles of all Cu/CeO, samples
exhibit two overlapping peaks in the range of 176-228 °C, as well as one peak at ca. 793 °C,
attributed to the reduction of Ce*" into Ce* [100]. The low-temperature peak (peak a) in the
range of 176-194 °C is attributed to the reduction of finely dispersed CuO, species
interacting strongly with the CeO, surface [101-103]. The peak at higher temperature (peak
B) is related to larger CuO clusters formed on the ceria surface [99]. The reduction of
Cu/Ce0, samples occurs at considerably lower temperature than those of bare CuO and
CeO, samples (Figs. 3.13 and 3.5, respectively). This is attributed to the "synergetic effect"

between the two oxide phases that weakens the metal-oxygen bonds [37,98].
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Figure 3.13. H,-TPR profiles of bare CuO and Cu/CeO, samples. Adapted with permission

from Reference [96]. Copyright© 2018, Elsevier.

To gain further insight into the impact of support's nature on the reducibility of Cu/CeO,
samples, the H, consumption in the low-temperature range, which is related to the
reduction of CuO, species and surface oxygen of ceria, is estimated (Table 3.5). The following
order, in terms of H, uptake, is obtained: Cu/CeO,-NR (1.80 mmol H, g‘l) > Cu/Ce0,-NP (1.65
mmol H, g') > Cu/Ce0,-NC (1.50 mmol H, g'). These results indicate the superior
reducibility of Cu/CeO,-NR. Notably, the reduction order of the supported catalysts is
perfectly related to that of bare ceria supports (see section 3.2.3) indicating the key role of
support morphology on the reducibility of Cu/CeO, catalysts. It is also worth noticing that
the amount of H, required for the reduction of Cu/Ceria samples always surpasses the
theoretical amount of H, for the complete reduction of CuO to Cu (~1.34 mmol H, g* on the
basis of a Cu nominal loading of 8.5 wt.%).

The present TPR results clearly indicate: (i) the enhanced reducibility of mixed oxides
compared to bare ones and (ii) the significant impact of ceria's nanostructure on the redox
properties of Cu/CeO, binary oxides. These findings can be interpreted in terms of Cu-Ceria
interactions, which in turn facilitate the reduction of ceria capping oxygen. In particular, the
superior reducibility of mixed oxides can be ascribed to: (i) the hydrogen spillover from Cu
sites to ceria carrier, (ii) the electronic metal-support interactions (EMSI) between copper

and ceria particles, which directly affect the reducibility of CeO, [17]. In view of this fact, a
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relationship between the reduction temperature of ceria and the work function of metal

dopants has been established [104].

Table 3.5. Redox characteristics of Cu/CeO, and Fe/CeO, samples.

Ha consumpﬂoln Peak Temperature (°C) 05C a
sample (mmol H, g7) (mmol 0, g7)
(Zia[t) CeO, peak Total Peak a Peak B
Cu/Ce0,-NC 1.50 0.65 2.15 194 228 0.75
Cu/CeO,-NP 1.65 0.25 1.90 176 201 0.83
Cu/CeO,-NR 1.80 0.25 2.05 181 217 0.90
H, consumption H, excess
(mmol H, g™)* (mmol H, g™)?
Fe/CeO,-NC 2.47 0.47 0.67
Fe/CeO,-NP 2.93 0.93 0.70
Fe/CeO,-NR 3.42 1.42 0.75

! Estimated by the area of the corresponding TPR peaks, which is calibrated against a known
amount of CuO standand sample; > Estimated by the subtraction of H, amount required for
Fe,0; reduction in 7.5 wt.% Fe/CeO, samples (~2 mmol g™!) from the total H, consumption
[97].

Regarding the corresponding results of Fe/CeO, samples (Table 3.5), iron-ceria nanorods
exhibit the highest value of H, consumption (3.42 mmol H, g™*) followed by nanopolyhedra
(2.93 mmol H, g™) and nanocubes (2.47 mmol H, g™') perfectly matched to the catalytic
conversion order (see below) [97]. It is also worth noticing that the amount of H, required
for the reduction of Fe/Ce0, samples always surpasses the theoretical amount of H, for the
complete reduction of Fe,0; to Fe (~2 mmol H, g'l, on the basis of a Fe nominal loading of
7.5 wt.%). The latter reveals the facilitation of ceria capping oxygen reduction in the
presence of iron, further corroborating the above findings and the synergistic function of
metal and support. The H, excess uptake (mmol g™, Table 3.5), reflecting the extent of ceria
oxygen reduction, follows the sequence Fe/CeO,-NR (1.42) > Fe/Ce0,-NP (0.93) > Fe/Ce0,-
NC (0.47), in line with the supports' reducibility [97].

In terms of the oxygen storage capacity (OSC), the following trend is obtained for bare ceria
as well as for the ceria-based transition metal samples (Tables 3.2 and 3.5, respectively):
nanorods > nanopolyhedra > nanocubes. This order coincides well with the CO oxidation

activity (see below), revealing the key role of reducibility.
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3.3.3. Surface Analysis (XPS)

XPS analysis was conducted to assess the impact of ceria morphology on elementary
oxidation states of Cu/CeO, samples. Figure 3.14a shows the Ce 3d XPS spectra of copper-
ceria samples, which can be resolved to eight components, as reported in several relevant
studies [70,90,102,105-110]. The Ce 3d spectrum consists of two series of spin-orbit lines u
and v, as clearly described in section 3.2. 4. Regardless of the number of defect sites in the
bulk of ceria, it has been found that ceria samples of various morphologies can exhibit
similar Ce 3d spectra profiles [23,27]. The same similarity is observed for copper-ceria
samples, as well, in which the amount of Ce* varies between 21.9 and 23.9% (Table 3.6),
with the CeO,-NR exhibiting the highest population of Ce** species. With regard to the iron-
ceria samples, the population of Ce* ions is slightly higher than that of bare ceria ones,
varying between 25.3 and 28.5% (Table 3.6), without, however, exhibiting significant
alterations between the samples of different morphology [97]. Despite the preparation
methods and the presence of copper, it has been shown that there are no significant
differences in the amount of reduced, non-stoichiometric cerium species, in the external
layers of the catalysts [111]. However, the uncertainty in the precise Ce** determination by
XPS, due to high-vacuum conditions and X-ray irradiation, should be mentioned [112].

The corresponding O 1s XPS spectra are illustrated in Figure 3.14b. There are two
characteristic peaks in the O 1s spectra of all catalysts. The assignment of the peaks has
been already performed in section 3.2. 4. In terms of the O,/O, ratio, ceria-based transition
metal samples exhibit the exact same trend as bare ceria supports, namely, nanorods >
nanopolyhedra > nanocubes. In specific, for copper-ceria and iron-ceria samples (not
shown), the following orders are obtained (Table 3.7): Cu/CeO,-NR (2.02) > Cu/CeO,-NP
(1.96) > Cu/Ce0,-NC (1.89) and Fe/Ce0,-NR (2.52) > Fe/Ce0,-NP (2.25) > Fe/CeO,-NC (1.84)
[97], implying again the key role of support morphology on oxygen mobility/reducibility.
These findings along with the TPR results corroborate that the samples with the rod-like
morphology, namely CeO,-NR, Cu/CeO,-NR and Fe/CeO,-NR, demonstrate the highest
population of loosely bound labile oxygen species, resulting in improved reducibility and
oxygen kinetics.

Figure 3.14c shows the Cu 2p XPS spectra of Cu/CeO, samples. For comparison purposes, the
spectrum of CuO reference sample is also depicted. All spectra are characterized by two
main peaks of Cu 2py/, (953.7 eV) and Cu2ps/, (933.8 eV), as well as shake-up satellite peaks
at 943 eV, which are typical of Cu®* species [52,90,102]. The latter is further confirmed by

the XPS spectrum of CuO reference sample.
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It should be mentioned here that Cu*/Cu,0 and Cu®*/Cu0 species cannot be easily resolved
because of the proximity in their binding energies [102]. In this regard, the discrimination of
Cu oxidation state is usually performed by the comparison of Cu 2p XPS binding energy and
Auger parameters in Wagner plots. However, the difficulty in precisely discriminating Cu
oxidation states even by means of XPS positions and Auger parameters has been
documented [52,113,114]. In light of the above, the determination of the relative population
of Cu” species is performed here on the basis of a well-established procedure, according to

the following equation [90,115,116]:

(4

GO0 = =35 —

-100 (2)
where A is the area of the main Cu 2ps/, peak, B is the area of the shake-up peak and Al,/B;
is the ratio of main/shake-up peaks for the reference CuO sample. Analysis of the reference

CuO sample (not shown) gives an Al,/B value of 1.89, in agreement with the literature

[52,115].
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Figure 3.14. XPS spectra of (a) Ce 3d, (b) O 1s and (c) Cu 2p region of bare CuO and Cu/CeO,

samples. Adapted with permission from Reference [96]. Copyright® 2018, Elsevier.

Table 3.6 lists the relative content of Cu® species on Cu/Ceria samples. Cu/CeO,-NR exhibits
the highest concentration (16.1%) followed by Cu/CeO,-NP (13.0%) and Cu/CeO,-NC
(11.8%). This sequence conforms to the order of O,/Oy ratio (Table 3.2) and reducibility
(Table 3.5), justifying the close relationship between redox and electronic properties
established through metal-support interactions. In complete agreement, it has been found

that the strong interaction of CuO, species with rod-like ceria supports can lead to a stable
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existence of Cu® species in Cu/Ceria samples [102]. Moreover, the same Cu® trend, in
relation to nanoceria morphology (rods, cubes, polyhedra), was recently revealed for 10
wt.% Cu/CeO, catalysts [47].

Taking into account the Fe®* (%) amount (Table 3.6), calculated by curve-fitting, the following
order is obtained for the Fe/CeO, samples of different morphology: Fe/CeO,-NR (14.4) >
Fe/CeO,-NP (13.3) > Fe/Ce0,-NC (13.1), which again coincides with the catalytic conversion
order as described in the sequence and it is indicative of the interfacial interaction between
the two oxide phases [97,117]. It should be pointed out that the aforementioned Fe*" (%)
amount order is in full compliance with the order of O,/O, ratio and the reducibility of the
mixed oxides (Tables 3.2 and 3.5, respectively), disclosing the interrelationship between

electronic and redox properties induced by iron-ceria interactions.

Table 3.6. XPS results for Cu/CeO, and Fe/CeO, samples.

3+ + 2+ Cu/Ce
Sample (E/i') (E;”) 0,/0, i;) ?;:) F(;) ator.nic Fe/(Fe + Ce)
ratio
Cu/CeO,-NC 65.4 346 1.89 21.9 11.8 0.16
Cu/CeO,-NR 669 33.1 2.02 239 16.1 0.18
Cu/CeO,-NP 66.2 33.8 1.96 23.3 13.0 0.35
Fe/CeO,-NC' 64.8 352 1.84 285 13.1 0.43
Fe/CeOz—NR1 71.6 28.4 2.52 25.3 14.4 0.28
Fe/CeOz-NP1 69.2 30.8 2.25 26.5 13.3 0.34

! Data taken from [97].

Regardng the Cu distribution to the outer surface, both copper-ceria nanocubes and
nanorods exhibit similar values of Cu/Ce surface atomic ratio (0.16 and 0.18, respectively,
Table 3.6), which however is slighlty lower to the nominal one (0.25), implying an
impoverishment of catalyst's surface to copper. On the other hand, in nanopolyhedra the
Cu/Ce atomic ratio is almost double (0.35) and higher than the theroretical implying an
enrichment of catalytst's surface to copper, in accordance with the literature [70]. The
surface atomic ratio Fe/(Fe+Ce) of the Fe/CeO, samples is also presented in Table 3.6 [97].
Apparently, the surface atomic ratio of the rod-shaped sample is near to the nominal one
(0.2), indicating a uniform distribution of iron and cerium species over the entire sample.
However, nanopolyhedra and nanocubes exhibit higher values of surface atomic ratio than
the nominal composition, namely 0.34 and 0.43, respectively, indicating an enrichment of
the catalyst's surface in iron species or equally an impoverishment of catalyst's surface to

cerium species [97].
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3.3.4. Morphological Characterization (TEM)

In order to gain insight into the effect of hydrothermal synthesis on the morphological
characteristics of ceria nanoparticles, transmission electron microscopy (TEM) studies were
also carried out. Figures 3.15 (a-c) and (d-f) illustrate the TEM images of copper-ceria and
iron-ceria [97] samples, respectively. It is evident that the addition of copper or iron into the

ceria lattice does not affect the morphology of the support.

(a)

100 nm » (100 nm

Figure 3.15. TEM images of the samples: (a) Cu/CeO,-NR, (b) Cu/CeO,-NP, (c) Cu/CeO,-NC,
(d) Fe/CeO,-NR, (e) Fe/CeO,-NP and (f) Fe/CeO,-NC.
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3.4. IMPLICATIONS IN CO OXIDATION REACTION

3.4.1. CO Oxidation Performance of Bare Ceria Oxides

The CO oxidation reaction was employed as a model reaction to gain insight into the extent
the different synthesis method, and in turn the different physicochemical characteristics
(surface area, crystallite size, reducibility, surface oxygen, exposed facets), can affect the
catalytic performance. Figure 3.16a depicts the CO conversion as a function of temperature
of the as-synthesized ceria samples. For comparison purposes, a commercial CeO, sample
(Fluka) was employed as reference material. The superiority of the as-prepared samples as
compared to the commercial one is evident. Moreover, the sample prepared by the
hydrothermal method of high NaOH concentration and aging at 90 °C for 24 h (CeO,-NR)
demonstrated the optimum performance. In particular, the following oxidation
performance, in terms of half-conversion temperature (Tso), was obtained: CeO,-NR (320 °C)
> Ce0,-NP (350 °C) > CeO,-D (360 °C) > Ce0,-P (370 °C) > CeO,-NC (385 °C) > CeO,-Comm
(460 °C).

The impact of synthesis procedure on the intrinsic reactivity can be more accurately
obtained by the Arrhenius plots, in the kinetic regime (Figure 3.16b). To take into account
the differences in the BET surface area, the surface-normalized reaction rate (nmol m™ s™%)

instead of CO conversion was employed.
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Figure 3.16. (a) CO conversion as a function of temperature and (b) the corresponding
Arrhenius plots for ceria samples. Adapted with permission from Reference [76]. Copyright©

2017, The Royal Society of Chemistry.

Table 3.7 summarizes the apparent activation energies (E,) and the corresponding pre-
exponential factors (A) for the ceria samples. The significant effect of synthesis method on
the CO oxidation activity on the whole temperature range investigated is evident. The
superiority of CeO,-NR is again obvious, showing a specific reaction rate of about one order
of magnitude higher, as compared to the other samples. Moreover, the calculated E, for the
CeO,-NR sample is 43.7 kJ/mol, which is the lowest among the samples. In specific, the
following order, in terms of E,, was observed: CeO,-NR (43.7 kJ mol™) < CeO,-NC (50.7 kI
mol™) < CeO,-NP (53.8 kJ mol™) < Ce0,-D (57.5 k) mol™) < CeO,-P (58.8 kJ mol™).

Table 3.7. Kinetics parameters obtained by Arrhenius equation.

sample Activation En?rgy, Pre—exponentifl Fa;ctor,
E. (kJ mol™) A(nmols m™)
Ce0,-P 58.8 8.3x10°
Ce0,-D 57.5 4.6x10°
Ce0,-NP 53.8 2.5x10°
Ce0,-NC 50.7 2.0x10°
CeO,-NR 43.7 6.2x10*
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Based on the above, it can be stated that ceria NPs prepared by the hydrothermal method of
high NaOH concentration and aging at 90 °C for 24 h (CeO,-NR) showed the best catalytic
performance for CO oxidation reaction, among all the other samples. These findings can be
interpreted on the basis of the well-established Mars-van Krevelen mechanism, in which
ceria is reduced by CO and oxidized by gas phase oxygen through a redox cycle. The main
steps of this procedure are: i) adsorption of CO on the ceria surface, ii) reaction of the
adsorbed CO with the lattice oxygen and formation of reaction intermediates, iii) desorption
of these intermediates and production of CO, and oxygen vacancies, iv) replenishment of
the oxygen vacancies by activating the gas phase oxygen on the catalyst [73,87].

Since the above mechanistic steps exhibit a clear redox character, a strong dependence of
CO oxidation performance from the redox properties of catalyst surface is expected. Indeed,
Ce0,-NR sample demonstrated the highest population of loosely bound, easily reduced,
surface oxygen species, resulting in the highest surface-to-bulk (O,/Op;) oxygen species
abundance (Table 3.2).

It is also worth mentioning that although the CO oxidation performance was in general
favoured by the surface area (Table 3.1), it doesn't seem to be the decisive factor governing
the CO oxidation activity. For instance, the CeO,-NP sample possesses the highest surface
area (109 m? g7!), without, however, offering the best catalytic performance.

In summary, it can be inferred that the hydrothermal method of high NaOH concentration
can result to the formation of CeO, nanoparticles with rod-like morphology, with enhanced
reducibility and surface oxygen exchange kinetics, and in turn CO oxidation activity [73]. The
high concentration of loosely bound oxygen species on ceria nanorods, linked to oxygen
mobility and vacancies formation, can be accounted for the superior performance of the
Ceria-NR sample.

Hence, this particular parameter can be considered as a reliable descriptor for the CO
oxidation performance of Ceria NPs. In view of this fact, in a comprehensive study by
Capdevila-Cortada et al. [85], exploring the reactivity descriptors for ceria-based materials,
the surface reduction (E.4) and oxygen basicity (O,,) —linked to vacancy formation energy
and the number of adsorption sites— can be considered as the most important reactivity
descriptor. Hence, the CO oxidation rate is expected to follow the order ryig > rigp > riys, in
agreement with the vacancy formation energy [85].

In light of the above, it has been clearly revealed, both theoretically [118,119] and
experimentally [41,49,73] that anionic vacancies' formation is strongly dependent on

exposed facets of ceria, being lower on rod-like formations, where the {110} and {100}
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planes are prevailing. In a similar manner, the improved low-temperature CO oxidation
performance of various transition metals supported on CeO,-nanorods has been ascribed to
the pronounced effect of ceria nanorods towards the formation of oxygen vacancies and CO
adsorption sites [13]. The key role of redox properties and in particular of loosely bound
oxygen species, on the CO oxidation performance was recently verified by Reddy and co-
workers in a series of doped ceria samples [87]. A direct correlation between the lattice
oxygen binding energy and the activity was revealed, implying that oxygen species'
migration from bulk to surface may determine the overall process. It should be noted,
however, that no similar correlation has been observed here; the lattice oxygen binding
energy of bare ceria samples is not strongly affected by the preparation method (Figure 3.6).
Taking into account the superior reducibility of CeO,-NR sample, it would be of particular
importance to explore the solid state properties and the catalytic performance of binary
metal/CeO,-NR composites. The enhanced redox properties of ceria carrier are expected to
notably affect the extent of metal-support interactions [15,50,120] and in turn, the catalytic

activity.

3.4.2. CO Oxidation Performance of Ceria-Based Transition Metal Catalysts

The oxidation of CO was also employed as a model reaction in order to reveal the impact of
ceria morphology on the catalytic performance of Cu/Ceria and Fe/Ceria samples. Figure
3.17 shows the conversion of CO as a function of temperature for bare CeO, as well as for
the ceria-based transition metal samples. Obviously, the support morphology affects
enormously the catalytic activity. In particular, the following oxidation performance, in
terms of half-conversion temperature (Tso), was obtained: CeO,-NR (320 °C) > CeO,-NP (350
°C) > Ce0,-NC (385 °C). The incorporation of copper into the ceria lattice considerably
improves the catalytic performance without, however, affecting the activity order: Cu/CeO,-
NR (72 °C) > Cu/Ce0,-NP (83 °C) > Cu/Ce0,-NC (92 °C). Apparently, the Cu/CeO, sample with
the rod-like morphology exhibits an excellent catalytic performance, offering almost
complete CO elimination at temperatures as low as 100 °C.

The CO oxidation performance was also evaluated in the iron-ceria samples. For comparison
purposes, the catalytic performance of bare Fe,05-D prepared by thermal decomposition, as
well as of a mechanical mixture of Fe,05-D + CeO,-NR (see Chapter 2) was investigated in
parallel to reveal the individual or synergistic effect of catalyst's counterparts. It should be
mentioned that the same trend with the copper-ceria samples is also observed in the iron-

ceria ones: Fe/Ce0,-NR (166 °C) > Fe/CeO,-NP (182 °C) > Fe/Ce0,-NC (219 °C) > Fe,05-D +
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Ce0,-NR (272 °C) > Fe,05-D (277 °C). It is also worth noticing that the preparation method
significantly affects the catalytic performance. Specifically, the hydrothermal method, which
results in the development of ceria nanoparticles of different morphology, in conjunction to
the addition of iron through the wet impregnation method, leads to highly active iron-ceria
composites, as compared to the iron-ceria mixed oxide prepared by mechanical mixing
(Fe,0s-D + Ce0,-NR, green line in Fig. 3.17). More specifically, the conversion profile of
Fe/CeO,-NR has been shifted by more than 100 °C to lower temperatures as compared to
that of bare Fe,0;-D, CeO,-NR and Fe,03-D + Ce0,-NR mechanical mixture, clearly revealing

the synergistic interaction between CeO, and Fe,0; induced by the preparation procedure

followed.
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Figure 3.17. CO conversion as a function of temperature for Ceria, Cu/Ceria and Fe/Ceria
samples of different morphology (NR, NC and NP, as indicated in each curve). Reaction

conditions: 2000 ppm CO, 1 vol.% O,, GHSV = 39,000 h™.

In this point, it should be mentioned that stability experiments were undertaken for the
optimum rod-shaped catalysts (NR). In particular, a stable conversion performance (100%)
was obtained at 150 °C during a short term (12 h) stability test for the Cu/CeO,-NR sample
(Figure 3.18). Moreover, BET and XRD characterization studies over the spent Cu/CeO,-NR
catalyst (after subjected to activity and stability tests) revealed no textural/structural

modifications; the mean crystallite size of ceria is slightly increased to 13 nm as compared to
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11.6 nm of fresh sample whereas the BET surface area remained almost unchanged (73 m?
g as compared to 75 m? g™ of fresh sample, Table 3.4). These findings are in agreement
with the structural stability of ceria samples upon subsequent oxidation/reduction processes
during Raman analysis, further corroborating the reliability of the obtained structure-activity
relationships. Similarly, a stable conversion performance (~¥80%) was attained at 200 °C

during a short term (24 h) stability experiment over the most active Fe/CeO,-NR sample.
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Figure 3.18. Effect of time-on-stream (TOS) on the CO oxidation performance of optimum

copper-ceria catalyst of nanorod-shaped morphology. Reaction conditions: 2000 ppm CO, 1

vol.% 0,, GHSV = 39,000 h*.

Finally, from a practical perspective, the catalytic performance of M/CeO,-NR samples
considerably surpasses the corresponding efficiency of typical precious metal oxidation
catalysts, such as Pt/Al,O; (half-conversion temperature of ca. 230 °C under similar reaction
conditions, Figure 3.19), revealing the effectiveness of shape engineering towards the

rational design of cost-efficient noble metal-free catalysts [121].
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Figure 3.19. Comparison among bare ceria, copper-ceria, iron-ceria and a noble metal
catalyst, in terms of half-conversion temperature (Tsy) for CO oxidation. Reaction conditions:

2000 ppm CO, 1 vol.% 0,, GHSV = 39,000 h™.

At this point, the CO oxidation mechanism over ceria-based mixed oxides is thoroughly
discussed on the ground of Cu/CeO, sample in an attempt to obtain reliable structure-
activity relationships. In particular, the present findings can be rationalized on the basis of a
Mars-van Krevelen, redox-type mechanism, well-documented in the literature [69,122-126],

which mainly involves the following steps, schematically illustrated in Figure 3.20:

i.  chemisorption of CO on Cu" active sites towards the formation of Cu’—CO species,
ii. migration of the chemisorbed CO to the metal-support interface,
iii. 0, activation on the oxygen vacancies of CeO, and formation of active oxygen (e.g.,
0,") or lattice oxygen (e.g., 0> species,
iv. reaction between the chemisorbed CO at interface and nearby active oxygen and
V. regeneration of Cu’ sites and refill of oxygen vacancies by gas phase oxygen involved

in consecutive catalytic cycles.
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Figure 3.20. Schematic illustration of CO oxidation mechanism on Cu/CeO, catalysts.

Adapted with permission from Reference [96]. Copyright® 2018, Elsevier.

The above mechanistic scheme clearly reveals the key role played by the redox properties of
the support and by its interaction with copper species. In particular, the improved oxygen
kinetics/reducibility of ceria carrier facilitates the formation of active oxygen species,
whereas the copper-ceria interactions could be considered responsible for the formation of

Cu” active species, through the redox equilibrium:

Ce* +Cu" — ce* +cu™ (3)

Both factors are crucial towards a high oxidation performance. In view of the above, the
superiority of Cu/CeO,-NR, exposing Ce0,-{100}/{110} facets, can receive a consistent
explanation. The improved reducibility and oxygen exchange kinetics of ceria nanorods,
linked to their abundance in defects and O vacancies, can be considered as the decisive
factors for the enhanced catalytic performance. In a similar manner, the improved CO
oxidation performance of Pd supported on ceria nanorods as compared to different ceria
morphologies was ascribed to the low oxygen vacancy formation energy, strong reducibility
and high surface oxygen mobility [86]. Moreover, the superior carbonate hydrogenation
activity of Cu/CeO, nanorods as compared to nanocubes and nanoparticles has been
attributed to the high reactivity of {110} and {100} planes towards a better balance of defect
topology and number of oxygen vacancies followed by Cu’ species stabilization, rather than

to particle size effects [70].
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The establishment of reliable structure-property relationships is crucial towards the way of
rational design and fabrication of highly-active composites. In other words, and in relation to
the present findings, it is of paramount importance to disclose reliable correlations between
key physicochemical parameters and the CO oxidation of M0,/CeO, catalysts. In this
context, perfect relationships have been obtained between the catalytic performance and
the Cu® percentage derived by XPS measurements (Figure 3.21a) for Cu/Ce0O, samples, as

well as the surface-to-bulk oxygen ratio (O,/O,) derived by TPR analysis (Figure 3.21b) for

Fe/CeO, samples.
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Figure 3.21. (a) Relationship between the half-conversion temperature (Ts) and the Cu®
percentage derived by XPS for Cu/CeO, samples. Adapted with permission from Reference
[96]. Copyright® 2018, Elsevier. (b) Relationship between the half-conversion temperature
(Tso) and the surface-to-bulk oxygen ratio (O,/O,) derived by TPR analysis for Fe/CeO,
samples. Adapted with permission from Reference [127]. Copyright® 2019, MDPI.

Similar structure-property relationships can be obtained by taking into account the CO
conversion (%) or CO consumption rate (r,, nmol s g™) at differential conditions (GHSV =
39,000 h™!, Xco < 25%, T = 60 °C for Cu/CeO, samples and Xco < 15%, T = 125 °C, GHSV =
40,000 h™ for Fe/CeO, samples), which can rereflect more accurately the impact of reaction
conditions and mixed oxides' instrinsic properties on the catalytic performance (Table 3.8). It
is evident that the rod-shaped samples exhibit the best catalytic performance (both in terms
of conversion and specific activity) as compared to the other two polymorphs, revealing the
pivotal role of the exposed crystal planes and the redox characteristics, rather than that of

textural characteristics, on the CO oxidation performance.
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Table 3.8. Conversion performance and specific activity of Cu/Ceria and Fe/Ceria samples.

Sample Con\llersion performange Specific activity at 60 °C
Tso Xco r(nmolg?s™) r(nmolm™@s™)
Cu/Ce0,-NC 92 11 75 188
Cu/CeO,-NP 83 17 116 289
Cu/CeO,-NR 72 25 171 425
sample Conversion performange Specific activity at 125 °C
Tso Xco r(nmolg?s™) r(nmolm™@s™)
Fe/CeO,-NC 219 2.12 23 0.72
Fe/CeO,-NP 182 3.83 42 0.65
Fe/CeO,-NR 166 11.17 122 1.78

! Required temperature for 50% CO conversion; > CO conversion at 60 °C; > CO conversion at
125 °C. Reaction conditions: 2000 ppm CO, 1 vol.% O,, GHSV = 40,000 h™".
As a result, perfect relationships between the reaction rate (r.,, mmol s g™) and the

following activity descriptors were disclosed for Cu/CeO, samples: (i) population of oxygen

vacancies expressed by the [I—D ratio, and (ii) oxygen storage capacity (OSC), as shown in
Fag

Figure 3.22. In a similar manner, a relationship between the abundance of structural defects

of copper-ceria catalysts and their CO oxidation activity was recently observed [128].
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Figure 3.22. Relationship between the CO oxidation performance (rco, nmol s™ g™) of
Cu/Ce0, samples and the oxygen storage capacity (OSC, mmol O, g') as well as the

. . . I . .
abundance in oxygen vacancies (in terms of I—D ratio) of ceria nanorods (NR),

Fzg
nanopolyhedra (NP) and nanocubes (NC). Adapted with permission from Reference [129].
Copyright© 2021, MDPI.

In order to more closely gain insight into the intrinsic reactivity of iron-ceria samples, the

reaction rate under differential conditions was obtained in the form of Arrhenius plots
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(Figure 3.23), and the corresponding activation energies (E,) are summarized in Table 3.9. In
relation to the activation energies, the bare nanorod sample (CeO,-NR) exhibits the lowest
activation energy (44.2 ki-mol™), followed by nanopolyhedra (46.7 ki-mol™) and nanocubes
(49.8 ki-mol™), a trend identical to their CO conversion performance. A similar trend is
shown for the mixed oxides with Fe/CeO,-NR showing the lowest activation energy among
iron-ceria samples, followed by the Fe/CeO,-NP and Fe/CeO,-NC samples. On the other
hand, the bare Fe,0; sample exhibits a much higher activation energy (63.3 kl mol™), as
compared to bare ceria and iron-ceria samples, indicating a higher energy barrier for CO
oxidation over Fe,0;. In view of this fact, the higher activation energy of ceria-supported
iron samples (53.5-58.6 k) mol™) as compared to bare ceria ones (44.2-49.8 kJ mol™) can
receive a consistent explanation. However, it is worth noticing that iron-ceria catalysts
demonstrate the highest activity (Figure 3.23, Table 3.9), despite their higher E,, implying a
more facile reaction path most probably introduced by the iron-ceria interfacial sites. These
findings clearly reveal the pivotal role of ceria support morphology in conjunction with iron-
ceria interface towards determining the activation energy and in turn the catalytic activity of

Fe,03/Ce0, samples.
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Figure 3.23. Arrhenius plots for CO conversion as a function of temperature for Ceria and

Fe/Ceria samples of different morphology (NR, NC and NP, as indicated). Reaction

conditions: 2000 ppm CO, 1 vol.% O,, GHSV = 40,000 h™. Adapted with permission from

Reference [127]. Copyright® 2019, MDPI.

138



Chapter 3

Table 3.9. Activation Energies (E,) for the CO oxidation reaction over bare CeO, and Fe/CeO,

samples.

Sample Ea (k) mol™ K™) (#0.1) R? (from fitting procedure)

Ce0O,-NR 44.2 0.9943

CeO,-NP 46.7 0.9906

Ce0O,-NC 49.8 0.9916

Fe/CeO,-NR 535 0.9875

Fe/CeO,-NP 55.7 0.9853

Fe/CeO,-NC 58.6 0.9959

Fe,05-D 63.3 0.9995

Fe,05-D + CeO,-NR 48.1 0.9983

In summary, the samples with the rod-like morphology exhibit the highest concentration of
weakly bound oxygen species which are related to oxygen mobility and the formation of
oxygen vacancies. In addition, ceria nanorods seem to facilitate the formation of Cu® active
species through the Cu**/Cu* and Ce*"/Ce* redox equilibrium (eq. 3), in agreement with the
literature [47].

It is also worth mentioning that the rod-like samples, despite their inferior textural (surface
area) and structural (crystallite size) characteristics as compared to polyhedral samples,
exhibited the highest catalytic performance. The latter points to the crucial role of exposed
facets, rather than structural/textural characteristics, towards the determination of catalytic
activity, as previously discussed. However, regarding the iron-ceria samples, the enhanced
textural properties (BET surface area and pore volume) of the Fe/CeO,-NR sample in
comparison with the Fe/CeO,-NP and Fe/Ce0O,-NC samples could be further accounted for its
enhanced CO conversion performance. Furthermore, it is worth pointing out that the CO
oxidation performance follows the same order, namely nanorods > nanopolyhedra >
nanocubes, regardless of the active phase used, as the above-mentioned trend was also
observed in Cu/CeO, nanoparticles of the same morphology, clearly reflecting the key role of
support morphology on the catalytic behaviour.

On the other hand, ceria defects and imperfections —linked to its morphology— could affect
the particle size and dispersion of active phase, thereby implying the interrelationship
between size and shape effects [67]. In addition, the key role of particle size itself on metal-
support interactions has been well documented [17]; bonding interactions between metal
particles of nanometer size down to single atoms can directly result in strong electronic
perturbations (EMSI effect) with great consequences in catalysis. Nevertheless, as the size of
the interacting particles increases the role of support is limited to particle's perimeter or

interfacial atoms.
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In view of the above perspectives, the superior catalytic performance of the rod-shaped
samples could be more precisely ascribed to the co-adjustment of interrelated geometric
(size) and morphological (shape) characteristics. Nonetheless, the development of model
mixed oxides of well-defined morphology and size is a prerequisite in order to gain insight

into the distinct role of shape and size.

3.5. CONCLUDING REMARKS

The impact of synthesis parameters on the solid state properties of CeO, materials was
investigated. CeO, prepared by hydrothermal method of high NaOH concentration (CeO,-
NR) demonstrated the optimum CO oxidation performance, with the lowest E, (43.7 kJ mol”
) among the other ceria samples prepared by precipitation, decomposition and
hydrothermal with low NaOH concentration or aging at 180 °C for 24 h. Interestingly, the CO
conversion performance of CeO,-NR sample outperforms notably that of commercial
sample, lowering the half-conversion temperature (Tso) by ca. 150 °C. The rod-like
morphology of CeO,-NR nanoparticles, with well-defined {100} and {110} reactive planes,
favours the enhanced reducibility and lattice oxygen mobility, rendering this material
appropriate as catalyst or supporting carrier.

Three nanostructures of ceria with different exposed facets, i.e., nanorods (NR), nanocubes
(NC) and nanopolyhedra (NP) were synthesized by the hydrothermal method and employed
as supporting carriers for the CuO and Fe,0; phases. Catalytic evaluation studies, employing
the CO oxidation as probe reaction, revealed the following activity order: CeO,-NR > CeO,-
NP > CeO,-NC. Incorporation of copper or iron to different ceria supports boosts the
catalytic performance without, however, affecting the sequence observed for bare ceria. A
characterization study by means of complementary ex situ and in situ characterization
techniques was employed to gain insight into the underlying mechanism of observed
differences. The results clearly revealed the key role of ceria morphology on the structural
defects and oxygen mobility, following the sequence: NR > NP > NC. The superiority of
Cu/Ceria samples with the rod-like morphology can be well-rationalized on the basis of a
Mars-van Krevelen type of mechanism, involving adsorption of CO on Cu® species and O,
activation on oxygen vacancies, whereas copper-ceria interactions can facilitate the
regeneration of active sites. The Cu/Ceria-NR sample with {100} and {110} reactive planes
exhibited the best catalytic performance (Tso = 72 °C) due to its improved surface/redox
properties. Notably, a perfect relationship between the catalytic performance and the
following parameters was established: i) abundance of loosely bound oxygen species (TPR),

ii) relative population of partial reduced Cu’/Ce®" redox pairs (XPS/Raman), iii) relative
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abundance of defects and O vacancies, as evidenced by the in situ Raman results. Despite
the inferior textural and structural characteristics of nanorods as compared to polyhedral
samples, the former exhibited the highest catalytic performance, revealing the key role of
exposed crystal planes.

In a similar manner, iron-ceria nanorods (Fe/CeO,-NR) exhibited the best catalytic
performance (Tso = 166 °C), attributed mainly to their enhanced reducibility and oxygen
kinetics linked to their abundance in loosely bound oxygen species, their highest amount in
lattice oxygen and their largest amount of Fe®". Interestingly, significant variations on the
reducibility of the binary oxides can be induced by altering ceria's morphology rather than
the nature of active phase, implying a different extent of metal-support interactions. The
present findings demonstrate that the co-doping of cheap and abundant transition metals
(such as iron) on a reducible carrier (such as ceria), along with the rational design of
metal/oxides combinations of well-defined size and shape could offer a platform for a wide
range of highly active, noble metal-free materials with real life energy and environmental

applications.
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CHAPTER 4

Effects of Ceria's Morphology or Surface
Promotion (Cs) on the Physicochemical Properties
of Ceria-Based Transition Metal Catalysts M/CeO,
(M: Co or Cu): Implications in N,O Decomposition
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Surface-to-bulk oxygen of ceria nanoparticles (OSIOD)

polyhedra, cubes) were

hydrothermally synthesized and employed as supports for the cobalt oxide phase.

This chapter also focuses on the optimization of the deN,O performance through the fine-
tuning of the local surface chemistry of copper-ceria binary oxides by means of synthesis
procedure and surface promotion. In brief, the effect of alkali promotion (Cs) on the deN,0
activity of Cu/CeO, mixed oxides, pre-optimized through the preparation method (co-

precipitation among different synthesis routes), is investigated.
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INTRODUCTION

Nitrous oxide (N,0) is one of the most significant greenhouse gases contributing to the
depletion of the ozone layer. N,O has a much higher global warming potential (GWP) as
compared to CO, (310 times higher) and a long atmospheric lifetime (114 years). The
emissions of N,O are derived by both natural and anthropogenic sources. The main
anthropogenic sources for N,O emissions involve agriculture (use of fertilizers), chemical
industry (adipic and nitric acid production), the combustion of fossil fuels, as well as biomass
burning, etc. [1-4].

In light of the above, the abatement of N,O emissions is of paramount importance and the
direct catalytic decomposition of nitrous oxide to molecular nitrogen and oxygen (deN,O
process) is considered to be a highly efficient remediation method. Moreover, since the
deN,0 process follows a cationic redox mechanism involving the N,O activation through
electron transfer (N,O + e” > N, + O') and the subsequent recombination of surface oxygen
species into dioxygen (20™ -0, +2e'), it can be considered as a probe reaction for evaluating
the electronic and redox properties of the catalyst surface [5-9]. Thus far, several catalytic
systems, such as supported noble metals [10—-12], perovskites [13—15], hexaaluminates [16—
19], spinels [20-23], zeolites [24-27], mixed oxides [28-32], have been used for N,O
decomposition. Although noble metals (NMs) exhibit satisfactory activity for deN,O process,
their high cost and the deterioration of their catalytic efficiency from gases present in the
exhaust gas stream (e.g., O,) act as inhibiting factors for practical applications [1,33]. Hence,
research efforts have focused on the development of NMs-free mixed oxides of high activity,
stability and low cost. The latest advances in the field of N,O decomposition over NMs-free
oxide catalysts, i.e., single/mixed oxides, hexaaluminates, hydrotalcites, spinels and
perovskites, have been lately reviewed by Konsolakis [1]. It was revealed that, by
appropriately adjusting the synthesis parameters and/or by employing surface/structural
promoters, very active composites can be obtained. For instance, Inoue and co-workers [34]
examined the impact of different synthesis methods (precipitation, impregnation,
combustion, hydrothermal) on the deN,O performance of K-doped Co;0,. Impregnation of
CoCO; with an aqueous solution of KOH led to optimum results due to the improved textural
and redox properties.

Among the different transition metal oxides, cobalt spinel shows unique physicochemical
characteristics, such as thermal stability, high reducibility, making it an excellent candidate
for the deN,O process [21,29,35,36]. However, the high cost of cobalt renders mandatory its

dispersion to high surface area supports like ceria, magnesia etc. [37,38]. Among the various
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supports investigated, ceria exhibits unique redox properties associated with its high oxygen
storage capacity (OSC), rendering this material highly effective in many catalytic processes
[29,39-41]. Furthermore, the synergistic effects induced by strong metal-ceria interactions,
in nanoscale, can modify the surface chemistry of the materials through geometric or/and
electronic perturbations, leading to improved redox properties and catalytic activity [42—46].
However, the catalytic efficiency of transition metal oxides, involving ceria-based mixed
oxides, can be considerably affected by the different counterpart characteristics, such as
particle size and morphology. In this regard, engineering the particle size and shape (e.g.,
nanorods, nanocubes) through the employment of advanced nano-synthesis paths has lately
received particular attention [41,47-49]. Interestingly, the support morphology greatly
affects the redox properties, oxygen mobility and, subsequently, the catalytic activity of the
mixed oxides. For instance, Lin et al. [50] prepared Co;0,/Ce0, catalysts with three different
support morphologies, namely polyhedra, nanorods and hexagonal shapes, with polyhedra
exhibiting the highest catalytic activity for ammonia synthesis. In a similar manner, by
tailoring the support morphology, CuO/Ce0O, nanoshaped materials of enhanced reducibility
and deN,O performance can be obtained [51]. Andrade-Martinez et al. [52] investigated the
catalytic reduction of N,O over CuO/SiO, catalysts, revealing the key role of the spherical
ordered mesoporous support, along with its functionalization through copper addition, on
the improved catalytic activity and stability, making this material comparable to noble
metal-reported systems. Different support morphologies (rods, plates, cubes) have also
been employed for the low-temperature CH,Br, oxidation revealing the superiority of cobalt-
ceria nanorods in the catalytic performance [53]. Moreover, cobalt oxide supported on ceria
of different morphology (nanoparticles, nanorods and nanocubes) has been investigated for
the catalytic oxidation of toluene with the nanoparticles exhibiting the highest catalytic
activity due to the synergism at the interface between the two oxide phases which leads to
improved reducibility [54].

In sub-chapter 4.2, ceria structures of various morphologies (nanopolyhedra, nanorods and
nanocubes) were hydrothermally prepared and then cobalt was impregnated into the above
ceria supports in order to explore the impact of support morphology on the surface
chemistry and the deN,0O performance of Co/CeO, mixed oxides. The results clearly revealed
that support morphology can exert a profound influence on the N,O decomposition, paving
the way toward the rational design of highly efficient deN,O catalysts.

Besides the employment of advanced synthesis methods, the deN,O performance of mixed

oxides can be adjusted by means of electronic promotion, mainly through alkali modifiers.
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The impact of alkali promotion on the deN,O activity of various spinel-type catalysts has
been thoroughly explored by Kotarba and co-workers [22,55-59].

The pronounced impact of alkali was clearly revealed, ascribed mainly to the facilitation of
N,O activation/dissociation through electron donation from the catalyst surface as well as to
the facilitation of oxygen desorption. Similarly, alkali-induced, promotional effects were
addressed for hydrotalcite-like compounds [60—63] and Co3;0,-Ce,0; mixed oxides [28,64],
among others. In almost all cases, the beneficial effect of alkali followed the sequence Li <<
Na < K < Rb < Cs, which matches well the work function (®) trend.

Amongst the different mixed oxides, the CuO-Ceria binary system has received considerable
attention due to the peculiar properties that can be developed by the complex, either
electronic or geometric, metal-support interactions [65,66]. The role of CuO-Ceria
interactions in catalysis and their implications in various processes (e.g., water-gas shift
reaction, preferential oxidation of CO, steam reforming, etc.) has been lately reviewed [65].
On the basis of the latest experimental (e.g., operando techniques) and theoretical (e.g., DFT
calculations) advances in the field, it was revealed that the superiority of CuO—Ceria system
can be correlated with a synergistic effect between the different counterparts. Various
interrelated phenomena were revealed to affect the interfacial interactions and, in turn, the
catalytic activity, such as: (i) electronic perturbations between copper and ceria, (ii)
facilitation of the interplay between Cu®/Cu* and Ce*'/Ce*" redox couples, (iii) enhanced
oxygen mobility and reducibility. In this regard, the fine-tuning of CuO-Ceria oxides by
means of advanced synthetic procedures and/or electronic promotion is of major
importance towards the rational design of highly active catalysts [65,67—71]. Moreover,
despite the extensive work in the field, there is still a lack of understanding in relation to the
underlying mechanism of the synergistic effect linked to CuO—Ceria interactions, especially
in the presence of surface dopants.

In these perspectives, the impact of synthesis parameters on the deN,O performance of
CuO—Ceria catalysts was extensively investigated in a previous work [66]. Among the
different preparation methods, i.e., impregnation, exotemplating and co-precipitation, the
latter method resulted in an optimum deN,O performance, ascribed mainly to the
facilitation of the redox interplay between Ce*/Ce*" and Cu**/Cu* couples [66].

Based on the above aspects, the present chapter aims at exploring the potential of further
adjusting the local surface chemistry of the Cu/Ceria oxides prepared by the co-precipitation
method, by means of alkali (Cs) promotion. In this regard, a series of Cs-doped Cu/Ceria

samples was prepared by the wet impregnation method in order to obtain a wide range of
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alkali surface coverages. The solid state properties of as-prepared samples were determined
by means of various characterization techniques (BET, XRD, H,-TPR, XPS) in order to gain
insight into the structure-property relationships. The results revealed that highly active,
noble metal-free, deN,O catalysts can be developed by co-adjusting the synthesis

parameters and the electronic state of catalyst's surface by alkali modifiers.

4.1. EXPERIMENTAL

4.1.1. Materials Synthesis

The chemicals used were of analytical reagent grade. Ce(NO;);:6H,0 (Fluka, purity 299.0%)
and Co(NOs),-6H,0 (Sigma-Aldrich, 2 98%) were employed as precursor compounds for the
preparation of bare ceria as well as of Co/CeO, mixed oxides. Also, NaOH (Sigma-Aldrich,
purity 298%), ethanol (ACROS Organics, purity 99.8%) and deionized water were used during
materials synthesis. Also, cesium nitrate (CsNO;, Sigma-Aldrich) was used for the
preparation of Cs-doped Cu/CeO, mixed oxides.

The catalysts developed in this chapter (CeO,-NP, CeO,-NR, CeO,-NC, Co/Ce0,-NP, Co/CeO,-
NR, Co/CeO,-NC, CsCuCe-0.0, CsCuCe-1.0, CsCuCe-2.0, CsCuCe-3.0, CsCuCe-4.0) were
prepared by the methods described in Chapter 2 in section 2.1 (Materials Synthesis). Table

2.1 presents all the materials developed in this study.

4.1.2. Materials Characterization

The porosity of the materials was evaluated by the N,-adsorption isotherms at =196 °C.
Structural characterization was carried out by means of X-ray diffraction (XRD). The collected
spectra were analyzed by Rietveld refinement, allowing the determination of crystallite sizes
by means of the Williamson—Hall plot. The redox properties were assessed by Temperature
Programmed Reduction (TPR) experiments, employing H, as a reducing agent. The surface
composition and the chemical state of each element were determined by X-ray
photoelectron spectroscopy (XPS) analyses. The cobalt-ceria samples were imaged by
transmission electron microscopy (TEM). The characterization techniques are fully described

in Chapter 2 in section 2.2 (Characterization Techniques).
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4.2. CHARACTERIZATION STUDIES OF Co/CeO, MIXED OXIDES

4.2.1. Textural and Structural Characterization (BET and XRD)

The main textural and structural characteristics of Co/Ce0O, mixed oxides are summarized in

Table 4.1. The BET and XRD results of bare ceria samples have already been presented and

analyzed in Chapter 3. According to the BET surface area of bare ceria samples (see Table

3.1), the addition of cobalt into CeO, decreases the surface area, resulting in the following

order: Co/Ce0,-NR (72 m* g™!) > Co/Ce0,-NP (71 m* g ") > Co/Ce0,-NC (28 m* g™").

Table 4.1. Textural and structural properties of Co/CeO, samples.

BET Analysis XRD Analysis

Sample BET Surface Pore Average Pore Crystallite s'fe
Area (m’g™) V°'§‘”l‘f Size (hm) (nm), Dxro

(cm’g™) CeO, Cos0,

Co/Ce0,-NC 28 0.15 22.6 24+1 19+1

Co/Ce0O,-NR 72 0.31 17.4 14+1 16+1

Co/Ce0,-NP 71 0.17 9.8 11+1 15+1

! Calculated applying the Williamson—Hall plot after Rietveld refinement of diffractograms.

Figure 4.1a shows the BJH desorption pore size distributions (PSD) of Co/CeO, catalysts.

According to the pore size distribution, all the samples have their maxima at a pore diameter

more than 3 nm designating the presence of mesopores [72]. As it can be observed in Figure

4.1b which shows the adsorption—desorption isotherms, cobalt-ceria samples demonstrate

type IV isotherms with a hysteresis loop at a relative pressure > 0.5, further corroborating

the mesoporous structure of the materials [73,74].
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Figure 4.1. (a) The BJH (Barrett-Joyner—Halenda) desorption pore size distribution (PSD) and
(b) the adsorption—desorption isotherms of Co/CeO, samples. Adapted with permission from

Reference [75]. Copyright© 2019, MDPI.

The XRD patterns of the samples are shown in Figure 4.2. The main peaks can be indexed to
(111), (200), (220), (311), (222), (400), (331), (420), (422), (511) and (440) planes which are
attributed to ceria face-centred cubic fluorite structure (Fm3m symmetry, no. 225) [76,77].
There are three small peaks at 26 values of approximately 36°, 44° and 64° which are typical
of Co30,4 [41]. These three diffraction peaks correspond to the (311), (400) and (440) planes
of Co30,, respectively. The average crystallite diameter of the oxide phases (CeO, and Co;0,)
was assessed by an XRD analysis by means of the Williamson-Hall plot (Table 4.1). The CeO,
crystallite size measurements showed 24, 14 and 11 nm for Co/Ce0O,-NC, Co/CeO,-NR and
Co/Ce0,-NP, respectively. As it is obvious from Table 4.1, there is a small decrease in the
ceria crystallite size for nanocubes and nanorods, whereas no changes are observed for
nanopolyhedra, indicating that the structural characteristics of ceria supports do not get
significantly affected upon cobalt addition, as it will be further corroborated by TEM analysis
(see below). In a similar manner, the BET analysis (Table 4.1) indicates no significant
modifications on the porous characteristics of ceria nanopolyhedra upon cobalt addition,
which could be ascribed to their irregular morphology. It should be also noted that the
samples with nanocubic morphology exhibit the smallest BET surface area and the largest
CeO, and Co30, crystallite sizes in comparison to nanorods and nanopolyhedra. As for the

crystallite size of cobalt oxide phase, the following sequence was obtained: Co/CeO,-NC (19
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nm) > Co/Ce0O,-NR (16 nm) > Co/CeO,-NP (15 nm), which perfectly matches the order

obtained for CeO,.

] 00304
[ ] CeO2

AAA]

Co/CeO -NC

Intensity (a.u.)

Co/CeO NP

10 20 30 40 50 60 70 80 90 100 110
26 (°)
Figure 4.2. The XRD patterns of Co/Ce0O, samples. Adapted with permission from Reference
[75]. Copyright© 2019, MDPI.

4.2.2. Morphological Characterization (TEM)

Transmission electron microscopy was performed in order to examine the morphological
differences among the samples. Figures 4.3 (a-c) and (d-f) show the TEM images of bare
ceria and cobalt-ceria samples. The rod-like morphology of CeO,-NR is evident in Figure 4.3a
which exhibits rods of length varying between 25 and 200 nm. Figures 4.3b and c show
mainly irregular-shaped nanopolyhedra and cubes, respectively. As it is obvious from Figure
4.3(d-f), cobalt addition does not affect the morphology of ceria supports, as it has been also

observed in Cu/Ce0, and Fe/CeO, catalysts (see Chapter 3).
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Figure 4.3. TEM images of the samples: (a) CeO,-NR, (b) CeO,-NP, (c) CeO,-NC,
(d) Co/Ce0,-NR, (e) Co/Ce0,-NP and (f) Co/Ce0O,-NC.

4.2.3. Redox Properties (H,-TPR)

H,-TPR experiments took place to investigate the ceria shape effect on the redox properties
of as-prepared samples. The assignment of the TPR peaks of bare ceria samples has already
been performed in Chapter 3. However, in this context, it should be mentioned again that
based on the surface-to-bulk oxygen ratio (0,/0y), the following order is acquired for bare
ceria samples: CeO,-NR (1.13) > CeO,-NP (0.94) > CeO,-NC (0.71), indicating the superior
reducibility of the rod-shaped sample as it exhibits the highest amount of loosely bound
oxygen species. The latter is expected to notably affect the deN,O process, in which the
desorption of adsorbed oxygen species mainly determines the reaction rate (vide infra).

The reduction profiles of Co/CeO, samples as well as that of a Co;0, reference sample are
shown in Figure 4.4. Pure Cos0, shows two reduction peaks (a and b) in much lower
temperatures than those of bare ceria samples (see Figure 3.5 in Chapter 3), namely 305 °C
and 415 °C. They are ascribed to the stepwise reduction of Co;0, > CoO = Co, respectively
[50,78-80]. On the other hand, Co/CeO, samples exhibit two main peaks at the temperature
range of 318-335 °C (peak a) and 388-405 °C (peak b), ascribed to the reduction of Co>* to
Co®* and Co®" to Co°, respectively [41,81,82]. They also exhibit a broad peak above 800 °C,
attributed to ceria sub-surface oxygen reduction, while the capping oxygen reduction

overlaps with the reduction of CoO [41,78,83]. Apparently, the reduction of the mixed
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oxides takes place at lower temperatures as compared to bare ceria samples, demonstrating
the beneficial effect of cobalt on the surface oxygen reduction of ceria. In fact, the
interaction between the two oxide phases could be considered responsible for the improved

reducibility and oxygen mobility, as thoroughly discussed in previous studies [54,65].

Co 0 x0.1

ceria sub-surface
oxygen reduction

TCD signal (a.u.)

P

I
100 200 300 400 500 600 700 800 900 1000
Temperature (°C)
Figure 4.4. H,-TPR profiles of pure Cos;0, and Co/CeO, samples. Adapted with permission

from Reference [75]. Copyright© 2019, MDPI.

Table 4.2 summarizes the main TPR peaks along with the hydrogen consumption (mmol H,
g!) for the Co/CeO, samples. According to the consumption of hydrogen in the low-
temperature range, which could be related to the cobalt species reduction along with the
ceria surface oxygen reduction, the Co/Ce0O,-NP and Co/CeO,-NR samples exhibit a similar H,
uptake of about 2.40 mmol H, g™ while the sample of nanocubic morphology exhibits a
much lower value (2.05 mmol H, g ™). This trend matches well with the catalytic results (vide

infra), revealing the key role of redox ability in the deN,O process.

Table 4.2. Redox properties of Co/CeO, samples.

Sample H, consumption (mmol H, g) Peak Temperature (°C)
Peaksa+b CeO, peak Total Peak a Peak b
Co/Ce0,-NP 2.40 0.61 3.01 333 388
Co/Ce0,-NR 2.37 0.62 2.99 318 388
Co/Ce0,-NC 2.05 0.32 2.37 335 405

164



Effects of Ceria's Morphology or Surface Promotion: Implications in N,O Decomposition

Moreover, the Co/Ce0,-NR sample exhibits the lowest reduction temperature (peak at 318
°C) in comparison with the other samples (peak ca. 335 °C), indicating the facilitation of Co®*
species reduction over ceria nanorods. Noteworthy, the theoretical amount of hydrogen for
the complete reduction of Co;0, to Co (~1.76 mmol H, g, based on a 7.8 wt.% nominal
loading of Co) is always surpassed by the hydrogen amount required for the reduction of the
Co/Ce0, samples (Table 4.2). The latter reveals the facilitation of ceria capping oxygen

reduction in the presence of cobalt, further corroborating the above findings.

4.2.4. Surface Analysis (XPS)

XPS analysis was performed in order to investigate the effect of ceria morphology on the
elemental chemical states and surface composition of Co/CeO, mixed oxides. Figure 4.5a
shows the Ce3d XPS spectra of bare ceria and Co/Ce0O, samples, which can be deconvoluted
into eight components [84—86]. In brief, the three pairs of peaks labelled as (u, v; u", v"'; u”,
v""') are ascribed to Ce*", whereas the residual u' and v' peaks to Ce* species. The complete
assignment of the peaks has been already discussed in Chapter 3 (section 3.2.4).

The corresponding O 1s spectra of bare ceria and Co/CeO, samples are depicted in Figure
4.5b. The low binding energy peak at 529.3 eV is attributed to the lattice oxygen (O,) of
Co30, and CeO, phases and the high binding energy peak at 531.3 eV corresponds to
chemisorbed oxygen (Oy) such as adsorbed oxygen (07/0,%") and water, carbonate as well as

hydroxyl species [29,78].
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Figure 4.5. XPS spectra of (a) Ce 3d and (b) O 1s of bare CeO, and Co/CeO, samples. Adapted
with permission from Reference [75]. Copyright© 2019, MDPI.

The proportion of ce® (%) as well as the O,/0, ratio for all samples is summarized in Table
4.3. Bare ceria supports exhibit a similar amount of Ce® ranging from 23.3 to 25.3%.
Regarding the Co/Ce0O, samples, the population of Ce* species is slightly higher, varying
between 26.1 and 28.5%. In particular, the Co/Ce0O,-NR sample exhibits the highest amount
(28.5%) followed by Co/CeO,-NP (26.7%) and Co/CeO,-NC (26.1%), indicating its abundance
in oxygen vacancies. Interestingly, the relative ratio of adsorbed to lattice oxygen (0,/0,) and
the Ce* (%) follow the same order, namely, Co/CeO,-NR (0.60) > Co/CeO,-NP (0.53) >
Co/Ce0,-NC (0.51), perfectly matched to the order obtained for the catalytic performance,
as it will be discussed in the sequence. It should be also noted that Co addition to CeO,-NR
enhances both the population of reduced Ce* species and the 0,/0, ratio, revealing the
synergistic interactions between cerium and cobalt oxides towards the formation of highly

reducible composites, in agreement with the TPR results.

Table 4.3. XPS results of bare CeO, and Co/Ce0O, samples.

Sample Co’*/Co* ce* (%) 0,/0,
CeO,-NC - 23.3 0.50
CeO,-NR - 24.3 0.47
CeO,-NP - 25.3 0.49
Co/Ce0,-NC 1.06 26.1 0.51
Co/Ce0O,-NR 1.32 28.5 0.60
Co/CeO,-NP 0.94 26.7 0.53
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Figure 4.6a depicts the Co 2p XPS spectra of Co/CeO, samples along with the spectrum
obtained for the Co3;0, reference sample for comparison purposes. The samples exhibit two
major peaks of Co2ps;, (780 eV) and Co2p;; (795 eV). According to peaks' position and
shape, the structure of cobalt spinel is formed [29,87,88]. The Co**/Co* ratio of Co/CeO,
samples derived by the deconvolution of the Co2p;;,, and Co2ps;, peaks is included in Table
4.3. The nanorod sample, which offers the best deN,O performance (vide infra), exhibits the
highest Co®*/Co® ratio (1.32), followed by nanocubes (1.06) and nanopolyhedra (0.94). In
view of this fact, it has been reported that samples with high Co**/Co*" ratio exhibit better
deN,0O performance [3,24,26,47,81], further corroborating the present findings. Also, Figure

4.6b shows the Co2p,,, peak at higher magnification in order to make it more discernible.
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Figure 4.6. (a) Co 2p XPS spectra of Co;0, and Co;0./Ce0, samples, (b) Magnification of the

Co 2py, peak in the Co/Ce0,-NX (NX: NP, NR, NC) samples. Adapted with permission from

Reference [75]. Copyright© 2019, MDPI.
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4.3. CHARACTERIZATION STUDIES OF Cs-PROMOTED Cu/CeO, MIXED OXIDES

4.3.1. Textural and Structural Characterization (BET and XRD)

The main textural properties of ceria-based materials are presented in Table 4.4. The un-
doped sample shows the highest surface area (57 m” g™') and pore volume (0.16 cm® g™).
Addition of Cs results in a progressive deterioration of textural properties, which is almost
proportional to Cs content. In particular, the following order, in terms of BET surface area, is
obtained: CsCuCe-0.0 (57 m® g™!) > CsCuCe-1.0 (31 m* g™*) > CsCuCe-2.0 (24 m* g™!) > CsCuCe-
3.0 (12 m?g™") > CsCuCe-4.0 (5 m* g™%). This trend in BET surface area can be corroborated by
considering the impact of Cs addition on the textural (pore volume and pore size
distribution) and structural (crystallite size) characteristics of Cs-doped Cu/CeO, samples.
The differential pore size distribution (PSD) curves of un-doped and Cs-doped samples
(Figure 4.7) reveal a significant shift of the mean pore size to higher values combined with a
moderate decrease of the total pore volume (Table 4.4) upon increasing Cs content. On the
other hand, the crystallite size of both ceria and CuO generally increases upon increasing Cs
content, without however following the same trend to the BET area (Table 4.4). Hence, the
alkali-induced modifications on the pore size distribution could be mainly accounted for the

decrease of BET area, in agreement with relevant literature studies [89,90].

Table 4.4. Textural and structural characteristics of Cs-doped Cu/CeO, mixed oxides.

BET Analysis XRD Analysis
Nominal Pore Average Average crystallite Lattice
Sample Cs BET surface pore diameter,
2 1 volume . 1 parameter
content area(m“g) (cm®g ™) diameter Dyro (NmM) A)
(Wt.%) & (nm) CeO, Cuo
CsCuCe-0.0 0.0 57 0.16 11.05 13.3+0.2 28.610.5 5.415+0.001
CsCuCe-1.0 1.2 31 0.15 19.07 13.5+0.2 24.310.5 5.417+0.001
CsCuCe-2.0 2.4 24 0.14 22.94 14.2+0.2 38.7+1 5.415%0.001
CsCuCe-3.0 3.6 12 0.14 46.12 18.1+0.2 31.4+1 5.415%0.001
CsCuCe-4.0 4.8 5 0.09 70.53 19.8+0.2 31.2+1 5.414+0.001

! Calculated applying Williamson-Hall plot after Rietveld refinement of diffractograms.
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Figure 4.7. Differential pore size distribution (PSD) curves of Cs-doped Cu/CeO, mixed

oxides. Adapted with permission from Reference [91]. Copyright© 2018, The Royal Society

of Chemistry.

Figure 4.8 shows the XRD patterns of Cs-doped Cu/CeO, mixed oxides. The phases detected
were CeO, cerianite (~82 wt.%) and CuO tenorite (~18 wt.%), for all samples, in agreement
with the nominal composition of Cu/CeO, oxides. No visible diffraction lines corresponding
to cesium oxides were detected by XRD, most likely due to its low content and the presence
of small crystallites at the detection limit of XRD [90,92-94]. Moreover, no significant
differences in CeO, lattice parameters were detected between the un-doped and Cs-doped

samples, implying that cesium addition did not change the cerianite structure and lattice.
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Figure 4.8. XRD patterns of Cs-doped Cu/CeO, mixed oxides. Adapted with permission from

Reference [91]. Copyright© 2018, The Royal Society of Chemistry.

4.3.2. Redox Properties (H,-TPR)

The influence of Cs promoter on the redox properties of Cu/CeO, catalysts was assessed by
means of H,-TPR. Figure 4.9 depicts the reduction profiles of un-doped and Cs-doped
Cu/CeO, samples. In this point, it should be mentioned that the assignment of the reduction
peaks of bare ceria and pure CuO has been already performed in Chapter 3. Briefly, bare
CeO0, reduction takes place in two steps, resulting in low (~500 °C) and high (> 700 °C)
temperature peaks. The former is related to the reduction of surface oxygen, whereas the
latter to the bulk oxygen reduction [95—-102]. Bare CuO usually shows two overlapped peaks
(one main accompanied by a shoulder) in the range of 150-300 °C, ascribed to the stepwise
reduction of CuO to Cu,0 and metallic Cu [100,103,104]. However, Cu incorporation into the
ceria lattice facilitates the surface shell reduction through synergistic interactions, favouring
the reduction of both copper and ceria oxides [105,106].

Although there is a great discrepancy in relation to the precise assignment of H,-TPR peaks
in Cu—Ceria composites, it is generally accepted that there are three different CuO, species:
(i) highly dispersed CuO species on the ceria surface (low temperature (LT) peak), (i) Cu®*
ions incorporated into CeO, lattice and/or CuO, small clusters (intermediate temperature

peak), (iii) bulk CuO, phase (high temperature (HT) peak) [107-110]. Sundar et al. [109]
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observed two reduction peaks for the Cu/CeO, catalysts. The LT peak was ascribed to finely
dispersed CuO species whereas the HT peak to Cu,0 phase.

In view of the above discussion, the peaks at 212 °C (peak a) and 257 °C (peak B) observed in
Cu/Ce0O, sample (Figure 4.9) can be ascribed to the reduction of well dispersed CuO and
CuO, clusters, respectively, along with the reduction of ceria surface oxygen. The latter is
further supported by the fact that the amount of H, consumed over Cu/CeO, sample
surpasses the one theoretically required for the complete reduction of CuO to Cu, as will be

discussed in the sequence.
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Figure 4.9. H,-TPR profiles of Cs-doped Cu/CeO, mixed oxides. Adapted with permission
from Reference [91]. Copyright© 2018, The Royal Society of Chemistry.

Upon increasing Cs content, the peak a at 212 °C (well dispersed CuO species) is
progressively decreased in intensity and is almost absent for the Cs-1.0 sample. For higher
loadings, the peak a is no longer visible. The latter is in agreement with the significant
increase of Cu crystallite size for Cs loadings higher than 1.0 at/nm? (Table 4.4). On the other
hand, a systematic upward shift is obtained for B peak at 257 °C; it is shifted to 294 °C for 1.0
at Cs/nm”. Moreover, a peak at 334 °C (peak y) is clearly resolved for 1.0 at Cs/nm?, which
gains in intensity at the expense of peak B and shifts to higher temperatures upon increasing
Cs content. In light of the above discussion, the peak y could be tentatively assigned to the
reduction of partially oxidized Cu,O phase. These findings point to the stabilization of lower

oxidation state Cu species (Cu®) with increasing Cs content, implying the electronic nature of
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Cs promotion, as will be further discussed in the sequence. It is worth pointing out that the
present results are in agreement with those reported over Cs-doped CuO sample [111];
upon increasing Cs loading the high temperature peak related to the reduction of Cu* to Cu°
is progressively shifted to higher temperatures. Similar upward shifts have been observed
for alkali-doped Co/SiO, [112] and Pt/Ceria [105] catalysts. Hence, the upward shift of
thermo-reduction profiles upon increasing Cs should be mainly ascribed to the electronic
effect of electropositive modifier (Cs) towards the stabilization of lower valence Cu® species.
The effect of Cs promoter on the redox properties of as-prepared samples is further
explored by estimating the H, consumption in the low-temperature region (100-400 °C,
Figure 4.9), where both the reduction of ceria surface oxygen and copper oxide (CuO,)
species is taking place (Table 4.5). It is evident that the real H, uptake in both un-doped and
Cs-doped samples always surpasses the theoretical one (2.5 mmol g..: * or 12.5 mmol geyo
on the basis of a nominal Cu loading of 20 wt.%), implying the participation of ceria on the
reduction process. In particular, the H, excess amount is about 1.5 mmol g for
intermediate Cs loadings (1.0-2.0 Cs atoms/nm?®), corresponding to a theoretical ceria
reduction degree (x in CeO,_,) of about 0.3 (CeOQ, ). For high Cs-loaded samples (3.0-4.0 Cs

atoms/nm?) the H, excess is slightly lower (~1.0 mmol g ™), resulting in CeO g stoichiometry.

Table 4.5. Redox characteristics of the Cs-doped Cu/CeO, samples.

sample H, consumptioln H, excess1 i Ceria reduction degree
(mmol H, g7) (mmol H, g7) (xin CeO,,)
CsCuCe-0.0 3.5 1.0 0.21
CsCuCe-1.0 3.9 1.4 0.30
CsCuCe-2.0 3.8 1.3 0.28
CsCuCe-3.0 3.4 0.9 0.19
CsCuCe-4.0 3.6 1.1 0.25

! Estimated using the quantification of H, uptake in the low temperature range (100-400 °C)
of the TPR profiles; > Estimated by the subtraction of H, required for CuO reduction in 20
wt.% Cu/CeO, samples (~2.5 mmol g™*) from the total H, consumption.

These findings can be corroborated by taking into account the strong interaction between
ceria and copper, which facilitates the reduction of CeO,, as it has been thoroughly
described in the literature [65]. More specifically, the redox equilibrium Cu®* + Ce*" <> Cu* +
Ce* can be considered for the enhanced reducibility of Cu/CeO, samples.

In particular, two apparently alternative explanations can be provided: i) dissociation of
molecular H, to atomic H on Cu surface and its subsequent spillover to ceria, ii) strong
electronic metal-support interactions (EMSI), perturbing the electronic band structure of

metal oxide [65]. In this regard, a relationship between the electronic properties of the
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metal (e.g., work function) and ceria reduction temperature has been revealed [113,114].
Hence, the work function changes induced by Cs doping could be considered responsible for
the different extent of ceria reduction. The latter can be well-rationalized by taking into
account the classic Topping model, interpreting the local surface changes induced by alkali
promotion [115]. Surface ionization of alkali promoters resulted in the formation of surface
dipoles (e.g., Cs'-Cs’), lowering catalyst surface work function. However, at high alkali
coverage, the distance between dipoles is decreased, resulting in a depolarization of surface
dipoles followed by an increase of work function. This is in accordance with the volcano-type
dependence of deN,O activity by alkali coverage, implying optimum promoter coverage
[1,58]. In view of the above, the electronic modifications induced by electropositive (alkali)
promotion could be accounted for the reduction of ceria and the stabilization of Cu” species
in Cs-doped Cu/Ce0O, samples. The underlying mechanism of alkali promotion will be further

discussed below on the basis of surface characterization and catalytic evaluation studies.

4.3.3. Surface Analysis (XPS)

XPS analysis was also carried out in order to obtain information about the elemental
chemical states and the surface composition. Figure 4.10a shows the Ce 3d XPS spectra for
all samples. The complex spectra can be resolved into eight components by deconvolution
with the assignment of each component defined in the figure (v represents the Ce 3ds,,
contributions and u represents the Ce 3ds,, contributions) [66,116]. For 3ds;, of ce* a
mixing of the Ce 3d°4f’L" and Ce 3d°4f'L"" states produces the peaks labelled v and v", and
the Ce 3d°4fL" final state forms the peak v". For 3ds, of Ce*, the Ce 3d’4f’L"" and Ce
3d°4f'L" states correspond to peaks v and v'. For the Ce 3ds/, level with the u structure, the
same assignment can be reserved.

Figure 4.10b shows the O 1s XPS spectra of the mixed oxide samples. Two peaks (labelled as
O, and 0y) can be clearly observed. The low binding energy peak (O)), at 529-530 eV, can be
attributed to O* ions in the lattice, whereas the high energy peak (O,), at 531-532 eV, could
be assigned to low coordination surface oxygen species, surface oxygen defects, as well as to
hydroxyl or carbonate species [66,117]. As it can be observed from Figure 4.10b, there is a
shift of the O, peak to lower binding energy for the promoted samples, an indication of the
ionic character of Ce—-O/Cu-O bonds. A similar shift to lower BE upon alkali addition has

been observed for Co/CeO, catalysts [90].
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Figure 4.10. XPS spectra of (a) Ce 3d and (b) O 1s of Cs-doped Cu/Ce0O, samples. Adapted

with permission from Reference [91]. Copyright© 2018, The Royal Society of Chemistry.

"

A relationship between the area of CeO, in the Ce 3d spectra and the percentage of u” peak
(which arises from a transition of the 4f" final state) was established by Shyu et al. [116]
from which the percentage of CeO, (Ce*) was calculated using the following equation: %
CeO, = % u™/0.144. The concentration of Ce* can also be determined from the ratio:
ce*/(Ce*"+Ce®), where Ce* and Ce* represent the sums of the integrated XPS peak areas

related to Ce** (v, v", v", u, u" and u”) and Ce* (v', u') signals, respectively [63]. In Table 4.6
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the obtained values for Ce*" (%) are depicted, estimated using the equation: % Ce (Ill) = 100-

% u"'/0.144.

Table 4.6. Surface characteristics of the Cs-doped Cu/CeO, samples.

sample Relative concentrationg(%) XPS atomic ratios
Cu’ Ce™ Cu/Ce Cs/Ce
CsCuCe-0.0 23.2 25.9 0.35 -
CsCuCe-1.0 25.3 24.5 0.28 0.08
CsCuCe-2.0 * 28.8 0.23 0.20
CsCuCe-3.0 * 30.3 0.20 0.25
CsCuCe-4.0 * 28.3 0.21 0.35

* Not calculated due to the overlapping of Cu 2ps;, and Cs MNN peaks.

Surprisingly, the CsCuCe-1.0 sample shows the lowest amount of Ce** (24.5%) and the
highest amount of Cu® (25.3%) possibly due to the synergistic interaction between copper
&> cesium ¢ cerium, which facilitates the redox equilibrium Cu®* + Ce*" <> Cu* + Ce", as
previously discussed. It should be noted however that the trend obtained for Ce** (%) in
relation to Cs content is not monotonic. The latter could be possibly ascribed to the fact that
the relative abundance of Ce® species is determined by various parameters, such as the
extent of Cu-Ceria interactions, the concentration of surface defects, etc. [118]. Lee et al.
[90] have reported that alkali addition to Co/CeO, catalysts does not clearly affect the
concentration of Ce**.

The Cu 2p XPS spectra (Figure 4.11) show two main peaks of Cu 2p;;, (~953 eV) and Cu 2p3),
(~933 eV) and shake-up satellite peaks centred at ~942 eV. The Cu 2p;, peak at ~¥933 eV and
the presence of shake-up peaks are typical of CuO species, while lower energies ca. 932 eV
and the absence of shake-up peaks are characteristic of further reduced Cu species, usually
Cu,0 [66,119-123]. The addition of Cs causes a progressive slight shift of the Cu 2p;/, peak
to lower binding energy values (by ca. 0.6 eV), which is ascribed to the electron charge
donation from the alkali metal [111,124]. The latter is in agreement with the TPR results,
presented above. Upon increasing Cs content, the peak of Cs MNN ca. 927 eV starts to be

visible and it superimposes with the Cu 2p;/, peak (Figure 4.11).
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Figure 4.11. XPS Cu 2p spectra of Cs-doped Cu/CeO, samples. Adapted with permission from
Reference [91]. Copyright© 2018, The Royal Society of Chemistry.

The discrimination of Cu oxidation states (Cu” and Cu®*) is next carried out by comparing the
Cu 2p spectra of as-prepared samples with the spectra of 100% pure reference CuO (Cu®")
sample, following a well-established procedure, described in detail in previous studies
[66,125,126]. In particular, the relative concentration of Cu® and cu® species on the catalyst

surface can be obtained by the following equations:

Alg

Cut (%) = %- 100 ey
_ Alg\

Cu*t (%) = i [1 ' ( Bs ) B] 100 )

A+B

where A is the area of the main Cu 2p;;, peak, B is the area of the shake-up peak of
investigated samples, whereas Al,/B; is the ratio of main/shake-up peaks for the reference

CuO sample (1.89).

The relative content of Cu® species is listed in Table 4.7 for samples with Cs content up to 1
at Cs/nm?; above that value the Cu 2ps/, peak is superimposed with the Cs MNN peak. The

CsCuCe-1.0 sample possesses the largest amount of Cu* (25.3%), followed by CsCuCe-0.0
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(23.2%). This order matches well with the deN,O performance (see below), demonstrating
the key role of Cu” species, as will be further discussed in the sequence.

Figure 4.12 shows the Cs 3d spectra of Cs containing samples. The Cs 3d spectra show well-
separated peaks at 724 eV and 739 eV, in agreement with the literature [127]. These
features generally increase in intensity with increasing Cs content. In particular, the Cs/Ce
surface ratio (Table 4.6) is increased almost proportionally to the nominal loading, implying
that the alkali ions do not tend to diffuse into the bulk, in compliance with the XRD results
(Table 4.4). On the other hand, the Cu/Ce XPS ratio follows the reverse trend indicating the
progressive blockage of Cu upon increasing Cs content. The latter can be ascribed to the
later addition of cesium promoter to the pre-synthesized Cu/CeO, oxides and to the large
cationic radius of Cs* ions, which hinders its migration to the bulk. Similar results were
obtained for alkali-doped spinels [22,56,58] or hydrotalcite [62] catalysts, implying the

preferential localization of alkali ions on the catalyst's surface.
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Figure 4.12. XPS Cs 3d spectra of Cs-doped Cu/CeO, samples. Adapted with permission from
Reference [91]. Copyright© 2018, The Royal Society of Chemistry.
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4.4. IMPLICATIONS IN N,O DECOMPOSITION REACTION

4.4.1. N,O Decomposition Performance of Co/CeO, Mixed Oxides

The impact of ceria's morphology on the catalytic decomposition of N,O under oxygen
deficient and oxygen excess conditions was next examined. Figures 4.13 a and b show the
N,O conversion profiles as a temperature function for bare ceria as well as of Co/CeO,
samples in the absence and presence of oxygen, respectively. The Co/CeO,-NR sample
exhibits the best catalytic performance, both in the absence and presence of oxygen in the
gas stream. Apparently, the addition of cobalt into ceria enormously enhances the catalytic
efficiency without however, affecting the catalytic order of bare ceria samples, suggesting
the pivotal role of ceria morphology on the deN,O performance. In terms of half-conversion
temperature (Ts), the following order is obtained for the mixed oxides in the absence of
oxygen: Co/Ce0,-NR (449 °C) > Co/Ce0,-NP (458 °C) > Co/Ce0,-NC (464 °C). The same trend
is observed in the presence of oxygen as well, although in slightly higher temperatures, due
to its competitive sorption on the catalyst surface. In this point, it should be noted that the
un-catalyzed reaction shows nearly zero N,O conversion in the temperature range

investigated, as previously reported [35,52,128].
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Figure 4.13. N,O conversion as a function of temperature for bare CeO, and Co/CeO,
samples of different morphology (a) in the absence and (b) in the presence of oxygen.
Reaction conditions: 1000 ppm N,0O, 0 or 2 vol.% 0,, GHSV = 40,000 h™. Adapted with
permission from Reference [75]. Copyright© 2019, MDPI.

The above findings can be well-interpreted by taking into account a redox-type mechanism

for the decomposition of N,O over cobalt spinel oxides [4,6,29,30,36,58,81,129-131]:

Co® + N,0 > Co*-0" + N, (3)
Co*-0" + N,0 = Co**-0, + N, (4)
Co*-0, > Co™ +0, (5)

In this mechanistic sequence, N,O is initially chemisorbed on the Co”* sites (Eq. 3), which are
considered as the active centres for initiating the N,O dissociative adsorption. Then the
regeneration of the active sites is taking place through the Co®*"/Co®* redox cycle, involving
the combination of O™ into O, (Eq. 4) and the desorption of molecular oxygen (Eq. 5), which
finally leads to the regeneration of those sites [129].

However, in the case of Cos0,/CeO, mixed oxides, the excellent redox characteristics of
ceria, such as oxygen storage capacity and oxygen mobility, can be further accounted for the

regeneration of active sites through the following steps [129]:
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Co*-0™ + Ce**-0,,c > Co** + Ce*'-0~ (6)
2Ce*-0" & Ce*-0,-Ce* (7)
Ce*-0"+ N,0 > Ce*-0,,c + N, + O, (8)

Based on the above mechanistic scheme, the superiority of the Co/CeO, sample with the
rod-like morphology can receive a consistent explanation. More specifically, nanorod-
shaped ceria with {110} and {100} reactive planes exhibits enhanced oxygen kinetics and
reducibility as it has the highest population of loosely bound oxygen species, which is a
decisive factor in terms of deN,O activity. In other words, the high amount of weakly bound
oxygen species present in the Co/CeO, samples of rod-like morphology, linked directly to
oxygen vacancy formation and oxygen mobility, could be considered responsible for the
formation and the consequent regeneration of active sites. In this regard, a perfect
interrelation between the catalytic performance (in terms of half-conversion temperature,
Tso) and the redox properties (in terms of the ratio of surface oxygen to bulk oxygen, O,/O,)
is disclosed, as illustrated in Figure 4.14. This clearly justifies the key role of redox properties
on the deN,O process. In a similar manner, Liu et al. [33] have pointed out that the
synergistic interaction between the two oxide phases in CuO-CeO, mixed oxide, enhances
the reducibility and consequently the deN,O efficiency as the surface-adsorbed oxygen

species are easily desorbed and the active sites' regeneration is enabled.
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Figure 4.14. Half-conversion temperature (Tsp) as a function of the TPR surface-to-bulk

oxygen ratio (0,/0,). Adapted with permission from Reference [75]. Copyright© 2019, MDPI.
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More interestingly, the deN,O performance of CeO, as well as of Co/CeO, samples totally
coincides, indicating the significance of ceria carrier. However, the superiority of the mixed
oxides in comparison to bare ceria samples is evident, reflecting the synergistic interactions
between cobalt and cerium oxides. The latter is manifested by the improved redox
properties (in terms of H, consumption and TPR onset temperature) of Co/CeO, mixed
oxides as compared to bare ceria (Table 4.2). In a similar manner, the addition of cobalt into
ceria increases both the amount of the adsorbed oxygen species (07/0,”) and Ce* (Table
4.3), related with the surface oxygen reduction and the abundance in oxygen vacancies
(Ovac)-

Moreover, ceria nanorods facilitate the reduction of Co®* to Co® active sites (Table 4.3),
further contributing to the superior catalytic performance of the Co/CeO,-NR sample.
Similarly, it has been recently reported that ceria nanorods stabilize the partial oxidation
state of Co in CoOy/CeO, catalysts via the facilitation of oxygen transfer at metal-support
interface [132].

In this point, the enhanced textural characteristics (BET area and pore volume) of Co/CeO,-
NR as compared to Co/CeO,-NC should be also mentioned, which could be further
accounted for their enhanced deN,O performance. Thus, by taking into account the specific
activity normalized per unit of surface area (nmol m™ s™!) instead of mass unit (nmol g™ s %),
an inferior performance is observed for Co/CeO,-NR as compared to Co/CeO,-NC (Table 4.7).
On the other hand, Co/CeO,-NR exhibits superior deN,O performance (both in terms of
conversion and specific activity) as compared to Co/CeO,-NP, despite their similar structural
(crystallite size) and textural (surface area) properties (Table 4.1). The latter clearly reveals
the importance of exposed facets and redox properties on the deN,O process, as it has been
similarly reported by Zabilskiy et al. [51] for CuO/CeO, nanostructures of different
morphology. Therefore, on the basis of the present findings, it can be deduced that the
enhanced N,O conversion performance of Co/CeO,-NR mixed oxides could be attributed to a

compromise between redox and textural characteristics.

Table 4.7. N,O conversion and specific activity of Co/CeO, samples at 420 °C; Reaction
conditions: 1000 ppm N,0, 0 or 2 vol.% O,, GHSV = 40,000 h™.

N,O conversion (%) Specific activity
sample o, o, : 0, absence : r 0O, presence r
b 4o o - 1 o -
apsence  presence (nmolg™s™)  (nmolm™?s™?) (nmolg™s™) (nmolm™s™)
Co/Ce0,-NC 16.2 8.6 166 5.9 88 3.1
Co/CeO,-NP 20.2 10.7 207 2.9 109 1.5
Co/CeO,-NR 25 14 256 3.6 143 2.0
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4.4.2. N,0 Decomposition Performance of Cs-promoted Cu/CeO, Mixed Oxides

Figure 4.15a depicts the deN,O performance of Cs-doped (0-4.0 at Cs/nm?) Cu/CeO, mixed
oxides in the absence of oxygen. The un-doped sample (CsCuCe-0.0) refers to the Cu/CeO,
mixed oxide prepared by the precipitation method, i.e., the optimum synthesis method as
revealed in a previous work [66]. Herein, the potential to further enhance the deN,O
performance by means of alkali promotion is explored. The pronounced effect of Cs-doping
is evident in Figure 4.15a. The optimum performance is obtained for a Cs-doping of 1.0 at
Cs/nm? (CsCuCe-1.0), whereas a further increase of Cs content results in a progressive
degradation. In particular, the following deN,O performance, in terms of half-conversion
temperature (Tso), is recorded: CsCuCe-0.0 (480 °C) < CsCuCe-4.0 (455 °C) < CsCuCe-3.0 (450
°C) < CsCuCe-2.0 (440 °C) < CsCuCe-1.0 (420 °C). Hence, the N,O conversion profile of
Cu/Ce0, sample can be shifted by about 60 °C to lower temperatures by alkali promotion,
implying its beneficial effect on deN,O process. The corresponding catalytic results under

oxygen excess conditions (2.0 v/v% O,) are shown in Figure 4.15b.
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Figure 4.15. N,O conversion profiles of Cs-doped Cu/CeO, samples (a) in the absence and (b)
in the presence of oxygen. Reaction conditions: 1000 ppmv N,0, 0 or 2.0 v/v% O, balanced
with He; GHSV = 40,000 h™’. Adapted with permission from Reference [91]. Copyright©
2018, The Royal Society of Chemistry.

Taking into account the co-existence of oxygen excess in real exhaust conditions [133], the
enhanced deN,0O performance under oxidizing conditions is a prerequisite. In view of this
fact, the inhibiting role of oxygen on N,0 decomposition, due to its competitive adsorption,
has been well documented [1,106,134]. By comparing the deN,O performance in the
absence (Fig. 4.15a) and in the presence (Fig. 4.15b) of oxygen the following remarks can be
drawn:

(i) The same conversion sequence amongst the different samples is observed both in the
absence and presence of oxygen.

(i) The deN,O performance is hindered by oxygen excess, but to a different extent
depending on Cs doping; the N,O conversion profile of un-doped sample is up-shifted by 45
°C compared to 20 °C for the optimum promoted catalyst (CsCuCe-1.0). The latter is of major
importance, demonstrating the potential of Cs-doped samples to satisfactory abate N,O
under oxygen excess conditions.

Besides the resistance to excess oxygen, the enhanced deN,O performance in a wide range
of GHSV values and for a long time of stream (stability) is a prerequisite for practical
applications. In this regard, the impact of GHSV and time-on-stream (TOS) on the N,O

conversion of the optimally promoted catalyst (CsCuCe-1.0) is next explored. Figure 4.16
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depicts the effect of GHSV in the range of 10,000-40,000 h™', which usually exist in real
exhaust systems [133]. It is obvious that the N,0 conversion profile is only slightly shifted to
higher temperatures upon increasing the GHSV from 10,000 h™* to 40,000 h™, demonstrating
the ability of the Cs-doped catalyst to abate N,O in a wide range of GHSV values. More
importantly, the N,O conversion performance of Cs-doped samples remains stable ca. 90%
for at least 12 h at 500 °C and under oxygen excess (Figure 4.17), indicating their potential
for practical applications. However, the influence of other substances co-existing in real
exhaust systems, such as H,0 and NO, on the activity and stability performance of Cs-doped

Cu/CeO, samples, should be further explored to assess their applicability.
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Figure 4.16. Effect of GHSV on the deN,0O performance of optimally promoted Cs-doped
Cu/Ce0, sample (CsCuCe-1.0). Reaction conditions: 1000 ppmv N,O balanced with He; GHSV

= 40,000 h™'. Adapted with permission from Reference [91]. Copyright© 2018, The Royal
Society of Chemistry.
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Figure 4.17. Effect of time-on-stream (TOS) on the deN,O performance of optimally
promoted Cs-doped Cu/CeO, sample (CsCuCe-1.0) in the presence of oxygen. Reaction
conditions: 1000 ppmv N,0, 2.0 v/v% O, balanced with He; GHSV = 40,000 h™. Adapted with
permission from Reference [91]. Copyright© 2018, The Royal Society of Chemistry.

Figure 4.18 schematically illustrates the optimization approach followed in order to
maximize the deN,O performance of Cu/CeO, mixed oxides. The figure depicts the N,O
conversion profiles of the following three samples: (i) the Cu/CeO, sample prepared by the
impregnation method, employing a commercial CeO, sample (Fluka) as supporting carrier
(reference sample) [66], ii) the Cu/CeO, sample optimized through synthesis procedure, i.e.,
co-precipitation [66], iii) the Cu/CeO, sample optimized by simultaneously applying the most
favourable preparation method in addition to alkali promotion. The results clearly revealed
the effectiveness of the proposed approach. The fine-tuning of Cu/CeO, mixed oxides by
means of synthesis procedure and alkali promotion (Cs) can boost the catalytic performance,
offering a half-conversion temperature (Tso) of ca. 200 °C lower as compared to reference
Cu/Ce0, sample. It should be noted here that an additional improvement is expected by
engineering the size and shape of both CuO and CeO, particles at nanometer scale [65,135—

137].
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Figure 4.18. Effect of synthesis procedure and alkali promotion on the deN,O performance
of Cu/Ce0O, mixed oxides. Reaction conditions: 1000 ppmv N,O balanced with He; GHSV =
40,000 h™. Adapted with permission from Reference [91]. Copyright© 2018, The Royal

Society of Chemistry.

In Table 4.8, the deN,O performance (in terms of Tsy) of the most effective Cs-doped
Cu/Ce0, sample (1.0 at/nm?) is presented, in comparison with those reported in the
literature for Cu/Ce0O, mixed oxides as well as with those of highly active noble metal-based
catalysts. It is obvious that the deN,O performance of the present samples is superior as
compared to that of most Cu/CeO, samples with similar Cu content and noble-metal based
catalysts under similar reaction conditions, being however inferior to that of Rh-based
catalysts.

In light of the above results, it can be certainly inferred that the preparation method in
conjunction with alkali promotion can exert significant modifications on the redox/surface
properties of Cu/CeO, mixed oxides, which can be then reflected on the catalytic
performance. In particular, the Cu/CeO, samples prepared by precipitation and
subsequently promoted by cesium demonstrated the optimum deN,O performance.

These findings can be well-rationalized on the basis of a redox-type mechanism, thoroughly
described in previous studies [66,138], involving N,O activation/decomposition on active
sites through electron transfer, followed by the regeneration of the catalyst surface by the
desorption of adsorbed oxygen species. In this particular scheme, the oxygen recombination

steps are necessary to occur, in order for the active sites to be regenerated. On the basis of
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this mechanistic sequence, the regeneration of active sites could be considered to take place

between Cu**/Cu* and Ce**/Ce*" redox pairs:

Cu*™-0™ +Ce** > cu' + Ce*-0~ (9)
2Ce™-0" > 2ce* + 0, (10)

The optimum deN,0 performance of the CsCuCe-1.0 sample could be mainly interpreted by
taking into account the TPR and XPS findings, which reveal the electronic/redox changes
induced by cesium promotion. According to the results, the CsCuCe-1.0 sample
demonstrates the lowest amount of Ce** and the highest amount of Cu*, a fact that could be
ascribed to the Cs-aided synergetic interaction between copper and cerium which in turn
facilitates the redox pairs Cu**/Cu’ and Ce*/Ce*". The latter can be considered responsible
for the enhanced performance of CsCuCe-1.0 sample on the basis of the above-described

reaction scheme.

Table 4.8. N,0 conversion performance of as-prepared samples in comparison to those

reported in the literature.

Preparation Reaction Tso
Catalyst method conditions (°C) Reference
Precipitati : i
Cs promoted 20 wt.% re‘;'g'tiant'ob”/ €S 0.1% N,0; GHSV = 40,000 h; 420 1]
Cu/Ce0, _ coping by WHSV = 90,000 cm® h™ g™
impregnation
o 0.1% N,O; GHSV = 40,000 h_l;
o)
20 wt.% Cu/CeO, Precipitation WHSV = 90,000 cm? h™ g 480 [91]
. 0.1% N,O; GHSV = 40,000 h™";
o) ~
20 wt.% Cu/CeO, Exotemplating WHSV = 90,000 cm’ h™ g 485 [66]
. . 0.1% N,O; GHSV = 40,000 h™";
o)
20 wt.% Cu/CeO, Mechanical mixing WHSV = 90,000 cm® h g >600 [66]
. . 0.25% N,0;
o)
10 wt.% Cu/CeO, Wet impregnation WHSV = 60,000 cm? h™ g 380 [138]
. 0.25% N,0;
0,
4 wt.% Cu/CeO, Deposition WHSV = 120,000 cm® h™t g™ 460 [51]
Cu/CeO, (Molar ratio 0.2% N,0; GHSV=70,000 h™;
Cu/Ce 1:1) Hydrothermal WHSV = 60,000 cm® hg? o0 [33]
. . 0.26% N,0;
0,
67 mol.% Cu/Ce0, Citrate acid GHSV = 19,000 h™ 370 [139]
35.5 (40) mol.% Hard template 0.25% N,0; 440 32]
Cu/Ce0, replication GHSV = 45,000 h™
. 5.0% N,0;
0,
5 mol.% Cu/CeO, Impregnation WHSV = 5,100 cm® h™ g 430 [140]
0.5 wt.% Rh/Al,O4 Impregnation 0.1% N,O; GHSV = 10,000 h™* 340 [141]
0.5 wt% Pt/Al,0O; Impregnation 0.1% N,0O; GHSV = 10,000 h™* 500 [141]
0.5 wt.% Pd/Al,O; Impregnation 0.1% N,O; GHSV = 10,000 h™>  >500 [141]
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4.5. CONCLUDING REMARKS

Three different ceria nanoshaped materials (nanorods, nanocubes, nanopolyhedra) were
hydrothermally synthesized and used as supports for the cobalt oxide phase. Both single
Ce0, and Co/Ce0, mixed oxides were catalytically assessed during the decomposition of N,O
in the presence and absence of oxygen. For bare ceria samples, the following deN,O order
was obtained: CeO,-NR (nanorods) > CeO,-NP (nanopolyhedra) > CeO,-NC (nanocubes).
Most importantly, cobalt addition to CeO, carriers greatly enhances the N,O decomposition,
without affecting the order obtained for bare ceria supports, clearly reflecting the key role of
support. The present results clearly reveal the key role of support morphology on the
textural, structural and redox properties, reflected then on the catalytic performance of
Co/Ce0, mixed oxides. Among the investigated samples, cobalt-ceria nanorods (Co/CeO,-
NR), exposing {100} and {110} facets, showed the best deN,O performance, ascribed mainly
to their abundance in Co®* active sites in conjunction to their enhanced redox and textural
properties.

Furthermore, the potential to adjust the surface chemistry of Cu/CeO, mixed oxides by
means of synthesis procedure and alkali promotion is explored, by employing the N,O
decomposition as a probe reaction. The results revealed that the Cu/CeO, samples, pre-
optimized by the co-precipitation method, can be further enhanced by Cs doping, offering
highly active and oxygen-tolerant composites. The sample with 1.0 at Cs/nm? can offer a
half-conversion temperature ca. 200 °C lower as compared to the reference Cu/CeO,
sample. The superiority of this sample is mainly interpreted on the basis of the
characterization results, which revealed that alkali addition can induce significant alterations
on the electronic and redox properties. The enhanced reducibility and the abundance of
partially reduced Cu® species, stabilized through alkali-aided metal-support interactions,
could be considered responsible for the enhanced deN,O performance of Cs-doped Cu/CeO,
samples. The present findings corroborate that the fine-tuning of metal oxides' surface
chemistry by synthesis procedures and alkali promotion can lead to highly active and stable

noble metal-free catalytic composites.
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CHAPTER 5

Effects of Ceria's Morphology and Active Phase
Nature over Ceria-Based Transition Metal
Catalysts M/CeO, (M: Fe, Co, Cu, Ni): Implications
in CO, Hydrogenation
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atmospheric
pressure over ceria-based transition metal catalysts is investigated. In particular, the
hydrothermally synthesized ceria nanorods (NR) and nanocubes (NC) were used as supports
for the various transition metals, i.e., Fe, Co, Cu, Ni. It was found that the conversion of CO,
followed the order: Ni/CeO, > Co/Ce0O, > Cu/Ce0, > Fe/Ce0, > Ce0,, independently of the
support morphology. Also, it ought to be mentioned that bare ceria, Cu/Ce0O, and Fe/CeO,
samples were very selective for CO production, whereas Co/Ce0O, and Ni/CeO, catalysts
were selective towards methane (CH,) demonstrating the key role of metal-support

combination.
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INTRODUCTION

It is widely accepted that CO, emissions are the main contributors to the observed
temperature rise in the atmosphere [1]. Therefore, research efforts concerning the
mitigation of CO, emissions focus, generally, on the following approaches: i) complete
and/or partial replacement of carbon-based fuels with Renewable Energy Sources (RESs), ii)
carbon dioxide capture and storage (CCS) technology and iii) chemical conversion/utilization
of CO, toward value-added chemicals and fuels [2].

The last approach has attracted intense interest over the past decades, with CO,
hydrogenation being one of the most investigated methods, due to the vast variety of
products [3,4]. This route can also provide an effective way to the valorization of CO,
emissions and the efficient storage of surplus power from non-intermittent RESs (e.g., solar,
wind) in the form of "green" hydrogen, providing either CO through the mildly endothermic
reverse water-gas shift (rWGS) reaction (Eg. 1) or CH, through the highly exothermic

methanation reaction, often referred to as the "Sabatier reaction"” (Eq. 2) [5].

C02 + HZ <~ CO+ Hzo, AHZQSK =+41.3 kJ/mOI (1)
CO, + 4H, > CH, + 2H,0, AHyg5¢ = —164.7 kl/mol (2)

Other possible products of potential value from CO, hydrogenation include methanol [6-9],
dimethyl ether [10], formic acid [11] and hydrocarbons [12]. Among the different CO,
hydrogenation products, carbon monoxide is a valuable feedstock for the C1 chemical
industry, since various liquid synthetic hydrocarbons and chemicals can be produced by its
subsequent upgrading, through the well-established Fischer-Tropsch synthesis [13,14].
Moreover, carbon dioxide methanation can effectively convert a less manageable energy
vector, such as gaseous hydrogen into a high-energy source such as methane, since CH,
possesses three times the volumetric energy density of hydrogen [15].

Regarding the overall sustainability of the proposed process, it should be pointed out that
the general scheme of the CO, hydrogenation concept is associated to the use of "green" H,,
originated by the excess energy provided by RESs and the concentrated amounts of CO,
emissions as feedstock. In this regard, the CO, hydrogenation process could be implemented
near a source of highly concentrated CO, emissions, such as effluent streams of steel
industry or a CO, capture plant. By employing highly active and inexpensive catalysts, large
amounts of CO, can be potentially mitigated with the concurrent production of value-added
products, such as CH, or CO, which can be used as fuels or feedstock in the chemical

industry. Regarding the use of renewable hydrogen, it can be exploited entirely in the
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hydrogenation process or it can be partially converted to the electricity required for the
reaction process. Also, excess hydrogen can be directly injected into the gas grid or used in
fuel cell powered vehicles. Various comprehensive studies have been devoted to the
sustainability of the CO, hydrogenation process, to which the reader can refer [16—20].
Although the hydrogenation of CO, can be a promising way to reduce the environmental
carbon print, several limitations arise for the implementation of a technology based on
either Eq. 1 or Eq. 2. The first is associated with the activation of carbon dioxide itself, a fully
oxidized and thermodynamically stable compound whose reduction is not energetically
favourable [21], and thus requires strong reductants (i.e., H,) or electrochemical-assisted
reduction processes [22,23]. Secondly, CO, hydrogenation is subjected to kinetic and
equilibrium limitations, thus reaction rates need to be promoted [24]. Numerous catalytic
systems have been employed in order to overcome these limitations and several reviews in
the literature summarize the catalysts explored for either rwWGS [25-27] or CO, methanation
[28—31] reactions. The most studied catalytic systems are composites with metals supported
on a reducible metal oxide (e.g., Ce0,, ZrO,) or a combination of them. These systems have
been employed as bi-functional catalysts, with oxide supports mainly providing oxygen
vacancies to activate CO,, and metal active sites dissociating molecular hydrogen, the so-
called hydrogen spillover process [26,32].

Among the oxides investigated, CeO, has attracted considerable attention as a supporting
carrier, due to its high oxygen mobility and unique redox properties, as cerium can rapidly
change between its two oxidation states (Ce** and Ce*) [33,34]. Moreover, ceria is a basic
oxide promoting a strong interaction with CO,, facilitating its adsorption [35]. Apart from
bare ceria's excellent redox properties, many studies have focused on the development of
highly efficient and low-cost ceria-based catalytic composites, since the combination of
various non-noble transition metals (TMs) (e.g., Cu, Co, Ni, Fe) with ceria, can further
enhance the catalytic activity and/or selectivity due to the peculiar metal-support synergistic
interactions [36—38]. Despite their adequate catalytic activity, the use of precious metals like
Ru [39], Rh [40] and Pd [41] as active phases is generally not preferable, since their high cost
and scarcity might render the process financially non-viable. Thus, from a techno-
economical point of view, the use of TMs-based catalysts may be favourable, since these
metals can achieve comparable activity to that of the most active noble metal catalysts,
though at a substantially lower cost [42,43]. In this regard, our efforts were recently focused
on developing inexpensive TMs-based catalytic composites, with particular emphasis on

middle-late 3d metals, i.e., Cu, Co, Ni, Fe, which were found to adsorb and consequently
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activate CO, though a charge transfer from metal phase to CO, moiety [44]. In particular,
density functional theory (DFT) calculations have revealed spontaneous chemisorption of
CO, and favourable thermodynamic properties for the aforementioned metals, with Cu,
however, exhibiting a weaker interaction with CO, [44].

In order to develop highly efficient ceria-based catalysts, research efforts have been devoted
to the rational design of catalytic materials by means of advanced synthetic and/or
promotional routes [45-50]. The ultimate goal would be to obtain catalytic systems with
adequate stability, CO, conversion activity and high product selectivity, in order to
exclusively generate CO or CH, in a real large-scale process. Towards the fine-tuning of CeO,-
based materials, the development of catalytic materials in the nanoscale is of great
importance. Nanomaterials exhibit abundance in surface atoms and defect sites such as
oxygen vacancies, whereas the electronic perturbations between the metal and support
nanoparticles greatly affect the catalytic performance [36,37,51,52]. Moreover, by tailoring
the shape of nanoparticles by means of advanced synthetic routes (e.g., hydrothermal
method), different crystal facets can be exposed leading to different oxygen storage capacity
(OSC) and oxygen mobility [45,46,53,54]. For example, Ouyang et al. [55] have investigated
ceria morphological effects during methanol synthesis from CO, hydrogenation over
CuO/Ce0, mixed oxides; copper-ceria nanorods exhibited the highest CO, conversion and
methanol yield due to the strongest metal-support interaction, as compared to nanocubes
and nanospheres. Similarly, Au/CeO, nanorods were found to exhibit a stronger gold-ceria
interaction and higher activity in the forward WGS reaction than cubic and polyhedral CeO,
[56]. Also, Liu et al. [57] reported a better activity for ceria nanocubes in the rWGS reaction
than nanorods and nanopolyhedra, with the nanocubic samples prepared preferentially
exposing (100) planes, a potentially more active surface than (110) and (111) planes.
Although there are several studies regarding the hydrogenation of CO, over ceria-based
composites, it should be noted that CO, hydrogenation proceeds through a complex
reaction pathway, being affected to a different extent by various factors, such as the metal-
oxide interactions, the formation of oxygen vacancies, the reducibility, etc. [49,58-62].
Furthermore, selectivity towards CO, CH, or other possible compounds can vary remarkably
when using catalytic composites with various active metal phases supported onto ceria,
depending thus on the metal entity employed [63—-65].

In light of the above, the aim of the present study is to investigate the effect of non-noble

metal phase nature (Co, Cu, Fe, Ni) and support morphology (nanorods, nanocubes) on the
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physicochemical properties and, consequently, on the CO, hydrogenation performance of

ceria-based nanocatalysts.

5.1. EXPERIMENTAL

5.1.1. Materials Synthesis

The chemicals used were of analytical reagent grade. Ce(NOs)s:6H,0 (purity = 99.0%, Fluka),
Co(NOs),-6H,0 (= 98%, Sigma-Aldrich), Cu(NOs),'2.5H,0 (Fluka), Fe(NOs);:9H,0 (= 98%,
Sigma-Aldrich) and Ni(NOs),-6H,0 (purity > 98%, Sigma-Aldrich) were employed as precursor
compounds for the preparation of bare ceria as well as of ceria-based transition metal
catalysts (M/CeO,, M: Co, Cu, Fe, Ni). Also, NaOH (298%, Honeywell Fluka), ethanol (purity
99.8%, ACROS Organics) and double deionized water were used during materials synthesis.
The catalysts developed in this chapter (CeO,-NR, CeO,-NC, Co/CeO,-NP, Co/CeO,-NR,
Co/Ce0,-NC) were prepared by the methods described in Chapter 2 in section 2.1 (Materials

Synthesis). Also, Table 2.1 in Chapter 2 presents all the materials developed in this study.

5.1.2. Materials Characterization

Structural characterization was carried out by means of X-ray diffraction (XRD) The collected
spectra were analyzed by Rietveld refinement, allowing the determination of crystallite sizes
by means of the Williamson-Hall plot. The redox properties were assessed by Temperature
Programmed Reduction (TPR) experiments, employing H, as a reducing agent. The surface
composition and the chemical state of each element were determined by X-ray
photoelectron spectroscopy (XPS) analyses. The samples were imaged by transmission
electron microscopy (TEM). The characterization techniques are fully described in Chapter 2

in section 2.2 (Characterization Techniques).
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5.2. CHARACTERIZATION STUDIES OF M/CeO, MIXED OXIDES (M: Fe, Co, Cu, Ni)

5.2.1. Textural and Structural Characterization (BET and XRD)

The textural, structural and redox properties of bare ceria as well as of M/CeO, catalysts of
nanorod-like and nanocubic morphology are presented in Table 5.1. Bare ceria supports
(Ce0O,-NR and Ce0,-NC) exhibit a BET surface area of 92 and 40 m’ g‘l, respectively. In all
cases, the addition of the transition metals to the ceria carriers leads to a slight decrease of
the surface area. However, the order obtained for bare supports remained unaffected, with
the rod-shaped samples exhibiting higher surface area than the corresponding nanocubic
ones, regardless of the nature of the metal phase added into the ceria carrier.

Regarding the XRD analysis, the average crystallite diameter of CeO, phase was calculated by
applying Scherrer's equation on the XRD diffractions (Table 5.1). In particular, ceria's mean
particle size is larger in the CeO,-NC sample (19 nm) than that of CeO,-NR (13 nm). In
general, the crystallite size of ceria with regard to the M/CeO, samples follows the reverse
order as compared to the BET area, namely, the lower the surface area the larger the ceria
crystallite size. On the basis of the present textural characteristics, it could be stated that the
surface area and ceria crystallite size is not significantly affected by the transition metal's
nature. The textural/structural properties of ceria-supported transition metal catalysts are
mainly determined by the support characteristics, as further corroborated by TEM analysis

(vide infra).

Table 5.1. Textural, structural and redox properties of as-prepared samples.

BET Analysis XRD Analysis TPR Analysis
A tallite di t
Sample BET Surface Area Pore volume verage crystatiite diameter 0Osc
(mZ g—l) (cm3 g—l) DXRD (nm) (mm0| O g—l)l

CeO, M,0, 2

Ce0,-NC 40 0.12 19 - 0.21
CeO,-NR 92 0.71 13 - 0.29
Fe/Ce0,-NC’ 32 0.19 17 52 0.67
Fe/CeO,-NR’ 69 0.19 10 7 0.75
Co/Ce0,-NC 28 0.15 24 19 1.03
Co/Ce0,-NR 72 0.31 14 16 1.19
Cu/Ce0,-NC 34 0.29 19 52 0.75
Cu/Ce0,-NR 75 0.40 12 43 0.90
Ni/Ce0,-NC? 32 0.21 22 17 0.78
Ni/CeO,-NR? 72 0.38 14 23 0.92

! Calculated by integration of the TPR peaks in the low-temperature range (surface oxygen
reduction); > Data taken from [66]; * Data taken from [67].
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The XRD diffraction patterns of M/CeO, samples are presented in Figure 5.1 with the main
peaks for all samples at 28.5°, 33.1°, 47.5° 56.3°, 59.1°, 69.4°, 76.7°, and 79.1°
corresponding to the (111), (200), (220), (311), (222), (400), (331) and (420) planes of a face-
centred cubic (FCC) fluorite structure of ceria (Fm3m symmetry, no. 225) [68] with (111),
(220) and (311) planes mostly prevailing in the samples structure. Powder XRD analysis
demonstrated the existence of CuO, Co30., NiO and Fe,0; for M/CeO,-NX (M: Cu, Co, Ni, Fe,
NX: NR-nanorods, NC-nanocubes), respectively, with no peaks associated to other crystal
phases, except ceria. The primary crystallite sizes of ceria and corresponding metal oxide
phases were estimated and these are also presented in Table 5.1. It is worth mentioning that
the ceria crystallite size of all nanocubic samples is higher than that of the rod-shaped ones.
Moreover, no significant changes were observed on ceria particle sizes upon metal
incorporation, implying that the structural features of ceria remain unaffected by metal

addition, as further verified by TEM analysis (see below).
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Figure 5.1. XRD patterns of as-prepared samples of nanorod-like (NR) and nanocubic (NC)

morphology.

5.2.2. Morphological Characterization (TEM)
The TEM images of as-prepared samples of rod-like and cubic morphology are depicted in
Figure 5.2. The NR samples (Figure 5.2 a, c, e, g, i) display ceria in a uniform rod-like

morphology, while the existence of nanocubic morphology is evident in the samples
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denoted as NC (Figure 5.2 b, d, f, h, j). Apparently, the addition of the active metal phase to
ceria carrier has no effect on the support morphology, since distinctive rod-like and cubic
particles are still clearly observed after the introduction of the metal phase in the well-

defined support structure.

Figure 5.2. TEM images of as-prepared samples of nanorod-like (NR) and nanocubic (NC)

morphology: (a) CeO,-NR, (b) CeO,-NC, (c) Co/Ce0O,-NR, (d) Co/Ce0,-NC, (e) Cu/CeO,-NR, (f)
Cu/Ce0,-NC, (g) Fe/CeO,-NR, (h) Fe/Ce0,-NC, (i) Ni/CeO,-NR, (j) Ni/CeO,-NC.

5.2.3. Redox Properties (H,-TPR)

The H,-TPR profiles of bare ceria and ceria-supported transition metal (Co, Cu, Ni) samples of
nanorod-like (NR) and nanocubic (NC) morphology are shown in Figure 5.3. The main TPR
peaks at 545-590 °C and 790-810 °C are attributed to ceria's surface oxygen (O) and bulk
oxygen (Op) reduction, respectively (Figure 5.3a) [69,70]. Interestingly, significant
guantitative and qualitative differences between the reduction profiles are observed,
implying the pivotal role of morphology on the redox features of ceria nanoparticles. In
particular, ceria nanorods exhibit higher oxygen storage capacity (OSC) than ceria

nanocubes, i.e., 0.29 mmol g'1 for CeO,-NR as compared to 0.21 mmol g'1 for CeO,-NC.
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These results clearly show that the rod-shaped ceria nanoparticles possess the highest
population of weakly bound labile oxygen species.

Nevertheless, in complete contrast to textural/structural properties, the metal incorporation
to ceria carrier greatly affects the redox properties of ceria-supported transition metal
composites. In all cases, metal addition facilitates the surface oxygen reduction shifting the
O, peak (Figure 5.3b) to lower temperatures. In other words, the reduction of TMs/Ceria
composites is taking place at considerably lower temperatures in comparison to single metal
and ceria oxides, indicating the beneficial impact of metal incorporation on surface oxygen
reduction. In view of this fact, the metal-support interactions could be accounted for the
enhanced reducibility and oxygen exchange kinetics of mixed oxides, as extensively
discussed in previous studies [36,69,70,73—76]. The latter is further demonstrated by the
estimation of OSC of ceria-based transition metal catalysts (TMs/CeO,) in the low
temperature region, in which the reduction of both the metal oxide (M,0,) and CeO, surface
oxygen is taking place. More importantly, regardless of the metal entity (Cu, Co, Fe, Ni), the
OSC is always higher in the rod-shaped samples as compared to the nanocubic ones (Table
5.1), clearly demonstrating the crucial role of ceria nanostructure towards determining the

redox properties of TMs/CeO, catalysts.
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Figure 5.3. H,-TPR profiles of (a) bare ceria and (b) ceria-supported transition metal (Co, Cu,

Ni) samples of nanorod-like (NR) and nanocubic (NC) morphology.

5.2.4. Surface Analysis (XPS)

In this point, it should be mentioned that the rod-shaped as-prepared and reduced samples
(denoted as M/Ce0O,-NR(R)) were further characterized by XPS analysis, as they exhibit the
optimum redox properties. Analysis of the Ce 3d XPS spectra (Figure 5.4) of rod-shaped as-
prepared and reduced M/CeO, samples indicated that the reduced samples exhibit higher
values of Ce** species (Table 5.2), implying ceria's facile reduction under reducing conditions
(H,-pretreatment), as that prevailing under reaction conditions. Moreover, the reduced
Ni/CeO,-NR(R) sample exhibits the highest concentration of Ce® species (30.4%) as
compared to the corresponding Co/CeO,-NR(R) (29.9%), Fe/CeO,-NR(R) (26.9%), and
Cu/Ce0,-NR(R) sample (25.5%), implying the facile reduction of ceria nanorods in the
presence of nickel. Similar results have been previously obtained over Ni/CeO, catalysts
attributed to the hydrogen spillover effect; dissociation of molecular hydrogen on the metal
surface resulting in highly mobile atomic hydrogen species which reduces Ce* species
adjacent to the metal [77]. Recently, it was shown by means of in situ studies that Ce*

species play a key role on the CO, methanation reaction mechanism, as they promote the

activation of CO, [64].
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Figure 5.4. XPS Ce 3d spectra of as-prepared and reduced bare CeO, and M/CeO, samples of

rod-like morphology.

5.3. IMPLICATIONS IN CO, HYDROGENATION REACTION

The catalytic performance of the as-prepared samples in the CO, hydrogenation reaction
was investigated in the temperature range of 200-500 °C. A commercial CeO, sample (Fluka,
Sger = 15 m? g'l), denoted as Ce0,-com, was also tested as a reference sample. Figure 5.5
depicts CO, conversion of all samples in the temperature range investigated, as compared to
the thermodynamic equilibrium CO, conversion profiles for methanation and rWGS
reactions. It is obvious that there are significant differences between the samples, mostly
depending on metal's nature. Regarding CO, conversion, the following order is obtained:
Ce0, < Fe/Ce0, < Cu/Ce0, < Co/Ce0, < Ni/Ce0,, signifying the pivotal role of metal-support
combination [67]. Ni/CeO,-NR exhibits by far the optimum performance, offering ca. 98%
conversion at 300 °C. In other words, by combining Ni with ceria nanorods extremely active
CO, methanation catalysts can be obtained, which practically reach the equilibrium at very
low temperatures of ca. 300 °C [67]. The beneficial effect of the synthesis method on the
catalytic activity is obvious, as all nanoceria samples exhibit far better CO, conversion values

than CeO,-com.
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Figure 5.5. Experimental (solid lines) and theoretical (dotted and dashed lines) CO,
conversion profiles for commercial CeO,, bare ceria-NX and M/CeO,-NX samples in CO,
hydrogenation reaction. The dotted and dashed lines correspond to rWGS and methanation

reactions' equilibrium, respectively. Reaction conditions: F = 100 cm®/min, GHSV = 20,000 h~

! H,:CO,=9:1, P =1atm [67].

The impact of the nature of the metal phase (Cu, Fe, Co, Ni) on the CO, hydrogenation
performance is further evaluated on the basis of the selectivity towards CO and CH,, as
depicted in Figure 5.6a and b, respectively. Apparently, commercial ceria, nano-ceria,
Fe/Ce0,-NX and Cu/Ce0,-NX samples are all highly selective to CO (> 90%). Thus, maximum
CO, conversion values for these samples are expected to be closer to those for the rWGS
reaction equilibrium, a much less favourable reaction than CO, methanation, as indeed
shown by the corresponding equilibrium curve (dotted line) in Figure 5.5 [67]. Similar results
for CO production over CeO, [57,78] and Cu-based catalysts are reported in the literature
[14,58,79-83]. The increase in temperature obviously increases the CO, conversion, but to a
different extent for each sample. As expected, CO, conversion initially increases and reaches
a plateau for the highly selective towards methane Ni/ CeO,-NX and Co/CeO,-NX catalysts,
favouring the exothermic CO, methanation (Eq. 2) below 500 °C, in agreement with the
thermodynamic calculations [67]. A different trend is shown for bare ceria, Fe/CeO,-NX and
Cu/Ce0,-NX samples, as CO, conversion increases steadily, but to a lesser extent, as

compared to Ni/ CeO,-NX and Co/Ce0O,-NX samples, approaching in the case of Cu-based
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catalysts the equilibrium for rWGS reaction [67]. Bare ceria carriers, although clearly
favouring the rWGS reaction, demonstrated CO, conversion values that are much below the
corresponding values predicted by thermodynamics [67]. In light of the above results, it
should be highlighted that the as-prepared cobalt catalysts are highly efficient in methane
production at temperatures as low as 400 °C, under the reaction conditions employed. On
the other hand, the as-prepared copper catalysts are highly selective to CO, reaching rwWGS
equilibrium values at ca. 380 °C. In a similar manner, Dai et al. [79] reported 100% selectivity
to CO for Cu/CeO,, attributed to the presence of Cu® active sites, whereas selectivity to CH,

for Co/Ce0, increased markedly between 350-400 °C.
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Figure 5.6. Selectivity to (a) CO and (b) CH,4 as a function of temperature for all samples in
the CO, hydrogenation reaction. Reaction conditions: F = 100 cm®/min, GHSV = 20,000 h?,
H,:CO, =9:1, P =1 atm [67].
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Also, it is worth mentioning that the high conversion performance of Ni catalysts is followed
by 100% selectivity to CH, (Figure 5.6b) in the entire temperature range studied.
Interestingly, the Cu/CeO,-NR catalyst is totally selective to CO (rWGS reaction), reaching the
equilibrium at temperatures higher than 400 °C. Hence, the combination of Ni with CeO,-NR
favours the CO, methanation reaction, whereas the rWGS reaction is favoured over
Cu/CeO,-NR. Moreover, stability experiments performed over the optimum catalytic
materials (rod-shaped samples), revealed a stable performance without any deterioration of
activity/selectivity [84,85].

The obtained differences in activity/selectivity among the metal-based catalysts can be
corroborated by taking into account the underlying mechanism of the metal-catalyzed CO,
hydrogenation reaction, in conjunction to the present characterization results. In particular,
the dissociation of adsorbed CO, considered as the rate-determining step of the CO,
methanation process [86,87], has been proposed to proceed by two main pathways: direct
CO,qs dissociation and H-assisted CO,4 dissociation. The first mechanism is proposed to
occur over group VIl metal-based catalysts, such as Co [88,89]. In view of this fact, Liu et al.
[44] demonstrated that Co showed more favourable thermodynamics and low CO,
decomposition barriers for CO, reduction compared to Cu. In a similar manner, a close
relationship between the CO, and H, adsorption capacity of Co/KIT-6 catalysts and their CO,
conversion/selectivity performance has been revealed [90]. In particular, high H, adsorption
capacity can provide a large number of active H species for the further hydrogenation of
intermediate species (such as HCOO") to methane, whereas the low H, adsorption and
activation capacity is favourable to CO formation.

On the contrary, a redox mechanism has been proposed in the literature for rWGS over Cu-
based catalysts [23,91]. Specifically, Cu® atoms can act as active sites for the dissociation of
CO, and the Cu,0 formed is subsequently reduced by hydrogen to regenerate metallic Cu
species. Hydrogen was proposed to be only a reducing agent without direct participation in
the formation of intermediate species in the rWGS reaction [92]. The facile reduction of
Cu/Ce0,-NX catalysts towards reduced copper species at temperatures lower than ca. 300
°C, corroborated by the H,-TPR results (Figure 5.3), can possibly favour this redox
mechanism, thus being the reason for the high selectivity towards CO even at low
temperatures.

The superior performance of Ni/CeO,-NR could be attributed to the improved reducibility
and oxygen mobility offered mainly by ceria nanorods, as it has been previously reported

[93]. This is in accordance with the abundance of reduced Ce** species, as shown by XPS and
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H,-TPR analyses (see above). In particular, nickel can easily dissociate molecular hydrogen
into H ad-atoms onto the catalytic surface [94]. These H ,q species can then migrate to ceria
via an activated surface diffusion process, hydrogenating the species formed upon CO,
adsorption, mainly at the Ni-ceria interface, towards methane formation [95]. In view of
these mechanistic aspects, it was very recently shown by means of isotopic and in situ
DRIFTS studies [96] that the higher methanation activity of Ni/CeO, compared to Ni/Al,O;
catalysts can be mainly assigned to the nickel-ceria interactions as well as to the high oxygen
mobility of ceria, which hinders the accumulation of water and carbon-containing species on
the catalyst surface. In a similar manner, the increased methanation activity of CeO,-based
samples has been ascribed to the high concentration of Ce* species, which promotes CO,
adsorption leading to higher coverage in formate active species [64,77,95]. Also, the Ni/CeO,
catalyst was found to be the most active for CO, methanation in comparison to other
lanthanide-supported nickel catalysts, due to the strong interaction between nickel and ceria
in conjunction to the high H, dissociation ability of reduced Ni sites [97]. Therefore, on the
basis of the present studies, the superiority of Ni/CeO,-NR can be attributed to the
synergistic interactions between nickel particles and ceria nanorods towards enhancing the
reducibility, i.e., high population of Ce®* species under reaction conditions, and in turn the
CO, methanation performance.

Regarding the impact of support morphology, it can be concluded that the CO, conversion
and selectivity of the samples are not significantly affected by the support morphology (NR
vs. NC), as shown in Figures 5.5 and 5.6. In particular, a slightly better conversion
performance is obtained for Cu/CeO,-NR and Fe/CeO,-NR samples as compared to Cu/CeO,-
NC and Fe/CeO,-NC, whereas for bare CeO,, Co/CeO, and Ni/CeO, samples, minor

differences in conversion performance between NC and NR were observed.

5.4. CONCLUDING REMARKS

The present results revealed the strong effect of metal phase and reaction conditions on the
CO, hydrogenation performance of nanoceria-based M/CeO, catalysts of different
morphology (nanorods or nanocubes). It was shown that hydrothermally synthesized nano-
ceria carriers exhibited better catalytic activity in the hydrogenation of CO, than commercial
ceria. More importantly, metal addition into the nanostructured ceria support led to a
significant increase in the catalytic activity, with CO, conversion following the order Ni/CeO,
> Co/Ce0, > Cu/Ce0, > Fe/Ce0, > Ce0,. The main product of the reaction was determined

by the nature of the metal entity incorporated into cerium oxide, with the Co/CeO, and
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Ni/CeO, catalysts exhibiting high selectivity towards CH, and CO, conversion values close to
equilibrium, whereas bare ceria, Cu/Ce0O, and Fe/CeO, samples were selective towards CO.
The Cu/CeO, catalysts exhibited remarkable CO selectivity even under hydrogen excess
conditions and very close to equilibrium CO, conversion values for rWGS reaction. From a
practical point of view, the Ni/CeO, catalyst demonstrated an excellent conversion and
selectivity performance, offering 98.8% CO, conversion and 100% selectivity to methane at
300 °C. On the other hand, Cu/CeO, samples were highly selective for CO production,
exhibiting 57% CO, conversion and ~97% CO selectivity at 400 °C. These results are
considered very promising in the sense of employing these catalysts in real scale processes
with variable H,:CO, ratios, where renewable hydrogen from excess RES power can be used

to efficiently and selectively converting CO, to CO or CH,.
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CHAPTER 6

General Conclusions and Future Research
Outlook

Chapter 6 provides the general conclusions drawn by the present thesis while some

guidelines and perspectives for future research are being proposed.
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Conclusions

Future
Outlook

229



Chapter 6

GENERAL CONCLUSIONS

In the present thesis, a series of bare ceria and ceria-based transition metal catalysts

(M,0,/Ce0,, M: Cu, Co, Fe, Ni) were developed, thoroughly characterized by several in situ

and ex situ techniques and evaluated in various catalytic reactions, including CO oxidation,

N,O decomposition and CO, hydrogenation to CO and CH,. As already mentioned in the

Abstract, the present thesis has focused on the following research objectives towards the

establishment of reliable structure-activity relationships:

(i)
(i)
(iii)

(iv)

(vi)

On the

Ceria shape effects on the structural defects and surface chemistry,
Facet-dependent reactivity of ceria-based transition metal catalytic materials,
Shape/electronic effects on the surface chemistry and the catalytic
performance.

Development of cost-efficient and highly-active ceria-based transition metal
catalytic materials,

Rational design of metal oxide catalysts through advanced
synthetic/promotional routes,

Fine-tuning of the local surface chemistry towards the development of highly

active/selective catalytic materials,

basis of the above objectives and the progress achieved in the framework of the

present thesis, the following conclusions can be drawn:

v

In the framework of rational design, different preparation methods were employed
and it was revealed that the hydrothermal method results in the development of
ceria nanoparticles of specific architecture, ie., nanorods, nanopolyhedra,
nanocubes, exposing distinctive crystal facets of different coordination
environments, leading to diverse catalytic reactivity. Ceria nanorods, exposing the
{100} and {110} crystal planes, demonstrated the optimum redox properties and
enhanced oxygen kinetics, linked to their abundance in structural defects and
oxygen vacancies. On the basis of oxygen storage capacity (0SC), the following order
was obtained: nanorods > nanopolyhedra > nanocubes, which is well-related to the
anionic vacancies' formation energy, namely, {110} < {100} < {111}.

In the context of developing cost-efficient and highly-active catalytic materials,
various earth-abundant and of low cost transition metals (Cu, Co, Fe, Ni) were used

as active phases in combination with ceria carriers of different
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v

structure/morphology. The engineering of size/shape of the support in conjunction
to metal's entity can strongly affect the interfacial reactivity through both geometric
and electronic interactions, offering metal oxide systems with the desired
properties. The addition of the transition metal phase to the different ceria supports
significantly enhances the surface oxygen reduction and oxygen kinetics through
metal-support interactions, following, however, the same trend with the bare ceria
nanoparticles, revealing the crucial role of support morphology on the redox
properties of the ceria-based catalysts. It was clearly revealed that extremely active
ceria-based metal oxides can be obtained with a catalytic performance comparable
or even superior to that of NMs-based catalysts.

In the case of CO oxidation reaction, the copper-ceria catalyst of rod-like
morphology exhibited a half-conversion temperature (Tsy) of ca. 70 °C, which is
much lower to that of a typical noble metal oxidation catalyst, such as Pt/Al,O; (Tso =
230 °C). Perfect relationships were disclosed between the reaction rate (r,, mmol s™
g ') and the following activity descriptors: (a) the population of oxygen vacancies
expressed by the Ip/l, ratio and (b) the oxygen storage capacity (OSC).

The pivotal role of support morphology was revealed as well in the case of the N,0O
decomposition reaction as cobalt-ceria nanorods, exposing {100} and {110} facets,
exhibited the best deN,O performance in the presence and in the absence of
oxygen, ascribed mainly to their enhanced redox, surface and textural properties. A
perfect relationship was disclosed between the half-conversion temperature (Tsg)
and the surface-to-bulk oxygen ratio (O,/Oy).

Surface engineering (e.g., by alkali promoters) can be used as an additional
adjustment tool towards regulating the local surface structure and electronic
environment. In this regard, Cu/CeO, catalysts pre-optimized through the
preparation method (co-precipitation) and subsequently promoted by alkali (Cs),
exhibited superior deN,O performance, leading to oxygen-tolerant composites.

In the case of CO, hydrogenation reaction, it was revealed that the metal's nature
rather than the support morphology plays an important role in the CO, conversion,
following the sequence: CeO, < Fe/CeO, < Cu/Ce0, < Co/Ce0, <Ni/Ce0,, indicating
the pivotal role of metal-support combination. From a practical point of view, the
Ni/CeO,-NR catalyst demonstrated an excellent conversion and selectivity

performance (ca. 98% vyield to methane at 300 °C), being superior to the most of
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state-of-the-art catalysts. On the other hand, Cu/CeO, samples were highly selective

towards rWGS reaction, exhibiting ca. 60% yield to CO at 400 °C.

FUTURE REASEARCH OUTLOOK

The main objective of the present thesis was the development of cost-efficient noble metal-
free ceria-based catalytic systems of high activity, stability, selectivity, of which their use
could be extended to practical applications. As clearly demonstrated by the current thesis,
the rational design through the fine-tuning of size, shape, chemical/electronic environment,
can lead to materials of high catalytic efficiency. In particular, the above-mentioned factors
can have a great impact on the reactivity of the metal sites, as well as on the interfacial
activity through both geometric and electronic synergistic interactions towards the
development of noble metal-free highly active and selective composites for several energy
and environmental applications.

In this context, special pretreatment protocols or activation procedures can notably affect
the metal dispersion and the population of oxygen defects, with great implications in the
catalytic performance. Besides the modulation of local surface chemistry by means of
size/shape engineering and electronic/chemical modification through alkali promotion, the
addition of carbon-based materials, such as reduced graphene oxide (rGO) or graphitic
carbon nitride (g-C3N,;) or the employment of metal-organic frameworks (MOFs) can be
adopted as additional functionalization tools towards the regulation of the electronic
environment and the oxygen exchange kinetics of metal oxides. Another approach towards
the fine-tuning of metal oxides could be the implementation of computational studies (e.g.,
Density Functional Theory (DFT) calculations) prior to catalysts' synthesis, in order to obtain
the required feedback that would lead to the appropriate functionalization of specific
parameters. In addition, it should be mentioned that reducible oxides, such as ceria or
titania, could be combined with bimetallic or carbide-based materials towards the
development of multifunctional composites with enhanced properties and catalytic
performance. Moreover, taking into account the pivotal role of support morphology, as
clearly demonstrated in the present thesis, research efforts could be extended to the
development of catalytic composites with predefined active phase's shape in combination
with the distinct morphology of the support.

In the end, the deductions made from the current thesis could provide the design principles
for the development of catalytic composites free of noble metals or of very low noble metal

content, paving the way towards their replacement or their decrease in energy and
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environmental applications in which their use is inevitable. In any case, the fundamental
understanding of structure-property relationships is a prerequisite factor towards the

rational design of efficient and inexpensive catalytic composites.

233



PERSONAL INFORMATION

WORK EXPERIENCE
01/03/2020 -30/11/2021

01/03/2019 —29/02/2020

17/06/2015 - 08/09/2015

16/07/2013 —30/06/2014

12/10/2009 - 31/12/2009

01/07/2008 — 30/09/2008

EDUCATION AND TRAINING

2016 -2021

2010-2013

2005 -2010

PERSONAL SKILLS
Mother tongue

English
French
Spanish

Digital competence

Driving license

Curriculum Vitae

Maria Lykaki

@ Euripidou 8, Chrisopigi, Chania 73100, Crete, Greece
%, +302821037234 +306976718257

= mlykaki@isc.tuc.gr

Sex Female | Date of Birth 05 January 1988 | Nationality Greek

Research project NANOCOZ2, Technical University of Crete.
Research project LIGBIO-GASOFC, Technical University of Crete.

HIOTAKIS SA (Production factory of dough products).
Supervision of the production process.

Agricultural Cooperation of Kofina.
Chemical and Microbiological analysis of milk and dairy products.

Internship in MILLS of Crete.
Analysis of flour and dough.

Internship in Mediterranean Agronomic Institute of Chania (M.A.I.CH.).
Analysis and control of antioxidant activity of natural products.

PhD "Synthesis and Characterization of Ceria-Based Nano-Structured
Materials: Structure—Activity Relationships".

School of Production Engineering & Management, Technical University of
Crete.

Master of Science in Energy and Environmental Chemical Technologies,
Department of Science, Technical University of Crete.

Diploma in Chemistry, Department of Chemistry, University of Crete.

Greek

C2 (Certificate of Proficiency in English, The University of Michigan)

DELF B1 Junior. Learning in progress to B2 level.

Learning in progress.

International Diploma in IT Skills Standard, University of Cambridge.
Electronic Communication (Internet Explorer, Microsoft Outlook),
Databases, (Microsoft Access), Spreadsheets (Microsoft Excel), Word
Processing (Microsoft Word), Using the computer and managing files,

Presentations (Microsoft Power point).

B

234



ADDITIONAL INFORMATION
Publications

Curriculum Vitae Maria Lykaki

10.

Maria Lykaki, Sofia Stefa, Sonia A.C. Carabineiro, Miguel A. Soria, Luis
M. Madeira and Michalis Konsolakis, "Shape Effects of Ceria
Nanoparticles on the Water—Gas Shift Performance of CuO,/CeO,
Catalysts", Catalysts 11 (2021) 753.
https://doi.org/10.3390/catal11060753

Georgios Varvoutis, Maria Lykaki, Sofia Stefa, Vassilios Binas, George E.
Marnellos, Michalis Konsolakis, "Deciphering the role of Ni particle size
and nickel-ceria interfacial perimeter in the low-temperature CO,
methanation reaction over remarkably active Ni/CeO, nanorods",
Applied Catalysis B: Environmental 297 (2021) 120401.
https://doi.org/10.1016/j.apcatb.2021.120401

Michalis Konsolakis and Maria Lykaki, "Facet-Dependent Reactivity of
Ceria Nanoparticles Exemplified by CeO,-Based Transition Metal
Catalysts: A Critical Review", Review Article, Catalysts 11 (2021) 452.
https://doi.org/10.3390/catal11040452

Georgios Varvoutis, Maria Lykaki, Eleni Papista, Sonia A.C. Carabineiro,
Antonios C. Psarras, Georgios E. Marnellos, Michalis Konsolakis, "Effect
of alkali (Cs) doping on the surface chemistry and CO, hydrogenation
performance of CuO/CeO, catalysts", Journal of CO, Utilization 44
(2021) 10140s.

https://doi.org/10.1016/j.jcou.2020.101408

Sofia Stefa, Maria Lykaki, Vasillios Binas, Pavlos K. Pandis, Vassilis N.
Stathopoulos and Michalis Konsolakis, "Hydrothermal Synthesis of
ZnO-Doped Ceria Nanorods: Effect of ZnO Content on the Redox
Properties and the CO Oxidation Performance", Applied Sciences 10
(2020) 7605.

https://doi.org/10.3390/app10217605

Sofia Stefa, Maria Lykaki, Dimitrios Fragkoulis, Vasileios Binas, Pavlos K.
Pandis, Vassilis N. Stathopoulos and Michalis Konsolakis, "Effect of the
Preparation Method on the Physicochemical Properties and the CO
Oxidation Performance of Nanostructured CeO,/TiO, Oxides",
Processes 8 (2020) 847.

https://doi.org/10.3390/pr8070847

Georgios Varvoutis, Maria Lykaki, Sofia Stefa, Eleni Papista, Sonia A.C.
Carabineiro, Georgios E. Marnellos, Michalis Konsolakis, "Remarkable
efficiency of Ni supported on hydrothermally synthesized CeO,
nanorods for low-temperature CO, hydrogenation to methane",
Catalysis Communications 142 (2020) 106036.
https://doi.org/10.1016/j.catcom.2020.106036

Michalis Konsolakis and Maria Lykaki, "Recent Advances on the
Rational Design of Non-Precious Metal Oxide Catalysts Exemplified by
Cu0,/Ce0, Binary System: Implications of Size, Shape and Electronic
Effects on Intrinsic Reactivity and Metal-Support Interactions", Review
Article, Catalysts 10 (2020) 160.
https://doi.org/10.3390/catal10020160

Michalis Konsolakis, Maria Lykaki, Sofia Stefa, Sénia A. C. Carabineiro,
Georgios Varvoutis, Eleni Papista and Georgios E. Marnellos, "CO,
Hydrogenation over Nanoceria-Supported Transition Metal Catalysts:
Role of Ceria Morphology (Nanorods versus Nanocubes) and Active
Phase Nature (Co versus Cu) ", Nanomaterials 9 (2019) 1739.
https://doi.org/10.3390/nan09121739

Alireza Khataee, Dimitrios Kalderis, Peyman Gholami, Arezoo Fazli,
Marilena Moschogiannaki, Vasileios Binas, Maria Lykaki, Michalis
Konsolakis, "Cu,0-CuO@biochar composite: Synthesis,

235


https://doi.org/10.3390/catal11060753
https://doi.org/10.1016/j.apcatb.2021.120401
https://doi.org/10.3390/catal11040452
https://doi.org/10.1016/j.jcou.2020.101408
https://doi.org/10.3390/app10217605
https://doi.org/10.3390/pr8070847
https://doi.org/10.1016/j.catcom.2020.106036
https://doi.org/10.3390/catal10020160
https://doi.org/10.3390/nano9121739

Citations: 351
h-index: 9

Conferences

Curriculum Vitae Maria Lykaki

11.

12.

13.

14.

15.

characterization and its efficient photocatalytic performance", Applied
Surface Science 498 (2019) 143846.
https://doi.org/10.1016/j.apsusc.2019.143846

Maria Lykaki, Sofia Stefa, Sénia A. C. Carabineiro, Pavlos K. Pandis,
Vassilis N. Stathopoulos and Michalis Konsolakis, "Facet-Dependent
Reactivity of Fe,03/CeO, Nanocomposites: Effect of Ceria Morphology
on CO Oxidation", Catalysts 9 (2019) 371.
https://doi.org/10.3390/catal9040371

Maria Lykaki, Eleni Papista, Nikolaos Kaklidis, Sonia A. C. Carabineiro
and Michalis Konsolakis, "Ceria Nanoparticles' Morphological Effects
on the N,O Decomposition Performance of Co;0,/CeO, Mixed Oxides",
Catalysts 9 (2019) 233.

https://doi.org/10.3390/catal9030233

Maria Lykaki, Eleni Papista, Sonia A. C. Carabineiro, Pedro B. Tavares
and Michalis Konsolakis, "Optimization of N,O decomposition activity
of CuO—CeO, mixed oxides by means of synthesis procedure and alkali
(Cs) promotion", Catalysis Science & Technology 8 (2018) 2312—-2322.
https://doi.org/10.1039/C8CY00316E

Maria Lykaki, Eleni Pachatouridou, Sénia A.C. Carabineiro, Eleni
lliopoulou, Chrysanthi  Andriopoulou, N. Kallithrakas-Kontos,
Soghomon Boghosian, Michalis Konsolakis, "Ceria nanoparticles shape
effects on the structural defects and surface chemistry: Implications in
CO oxidation by Cu/CeO, catalysts", Applied Catalysis B: Environmental
230 (2018) 18-28.

https://doi.org/10.1016/j.apcatb.2018.02.035

Maria Lykaki, Eleni Pachatouridou, Eleni lliopoulou, Sénia A. C.
Carabineiro and Michalis Konsolakis, "Impact of the synthesis
parameters on the solid state properties and the CO oxidation
performance of ceria nanoparticles", RSC Advances 7 (2017) 6160—
6169.

https://doi.org/10.1039/C6RA26712B

M. Aukakn, I. BapPoutng, S.A.C. Carabineiro, I. MapvéAlog, M.
KovooAdkng, "Emidpacn tng Hopdoloyiag vavo-cwpatdiwv CeO,
KOTA TNV aviidpacn METOTOMIONG Tou Uudpaepiou o0 KATAAUTEG
Cu0/Ce0,", 1° Atadiktuakd Tupmdolo Néwv Emotnuévwv «Opuktol
Mopot-MeptBaArov-Xnuikr Mnxavikr», 26—-28 MeBpouvapiov 2021.

I. BapBoutng, M. Aukakn, E. Namota, A. Wappdg, I.E. MapvéAlog, M.
KovooAdkng, "Enidpaon tng mpoobnkng Cs otnv enudavelakn xnueia
koL otnv amnodoon tNg avtibpaong avaywyng CO, KataAutwy
Cu0/Ce0,", 1° Awadiktuakd upmdcto Néwv Emiotnuévwyv «Opuktol
MNopot-NeptBaAAov-Xnuikn Mnxavikn», 26—28 OeBpouapiov 2021.

2. Itéda, M. Aukdkn, B. Mmivag, M. KovooAdkng, "MeAétn twv
dUGLKOXNULKWY LOLOTATWV KOl TNG GWTOKATAAUTIKAG SpaOTIKOTNTAG
ypadrikol vitpdiou Tou dvBpaka (g-CsN4)", 1° ALaSIKTUaKS JUUTOGLO
Néwv Emotnuovwy «Opuktol Nopot-MeptBaAlov-Xnuk Mnxovikn»,
26-28 MeBpouapiov 2021.

M. Konsolakis, M. Lykaki, S. Stefa, S.A.C. Carabineiro, G. Varvoutis, E.
Papista and G. Marnellos, "Catalytic hydrogenation of CO, to methane
over transition metals (Ni, Co) supported on nano-ceria", 2™ Webinar
on Material Science & Nanotechnology, 18-19 November 2020.

G. Varvoutis, M. Lykaki, S. Stefa, E. Mandela, G.E. Marnellos, M.
Konsolakis, "CO, hydrogenation over alkali-promoted CuO/CeO,

236


https://doi.org/10.1016/j.apsusc.2019.143846
https://doi.org/10.3390/catal9040371
https://doi.org/10.3390/catal9030233
https://doi.org/10.1039/C8CY00316E
https://doi.org/10.1016/j.apcatb.2018.02.035
https://doi.org/10.1039/C6RA26712B

Curriculum Vitae Maria Lykaki

10.

11.

12.

13.

14.

15.

16.

catalysts", 2" Webinar on Material Science & Nanotechnology, 18-19
November 2020.

M. Konsolakis, S. Papaefthimiou, D. Ipsakis, M. Lykaki, S. Stefa, G.
Varvoutis, G.E. Marnellos, "Turning CO, emissions to CH, by means of
green H, and novel catalytic materials", 5" HAEE Energy Transition
Symposium, Athens, 30 September — 2 October 2020.

M. Konsolakis, M. Lykaki, S. Stefa, S.A.C. Carabineiro, G. Varvoutis, E.
Papista, G. Marnellos, "Rational design of ceria-based nanocatalysts for
CO, hydrogenation to value-added products”, International
Conference on Materials and Nanomaterials, Paris, France 17-19 July
2019.

M. Aukdkn, Z. Ztéda, B. Mnivag, S.A.C. Carabineiro, M. Mavdng, B.
2taBoémoudog, M. KovooAdkng, "Emidpaon tng popdoAoyiag Ttou
dopéa (vavo-Ce0,) ota GpUCIKOXNULIKA KAl KOTAAUTIKA XAPAKTNPLOTLKA
UTIOOTNPLYUEVWY UETAMNWY petdamtwong MO,/CeO, (M: Ni, Co, Fe)",
12° NaveAAAvio EMotnpovikd Tuvédplo XNUkAS Mnxavikig, ABRva,
29-31 Maiou 2019.

I. BapPBoutng, E. Mamwota, N. KakAidng, T.E. MapvéAlog, S.A.C.
Carabineiro, M. Aukadkn, Z. Ztéda, M. Kovoohdkng, "Emidpaon tng
popdoloyiag Tou dopéa katd Tnv avtidpacn udpoydvwong CO, o€
KaTOAUTEG UETAAAWY HETAMTWONG UTooTnplypévwy oe CeO,", 12°
MaveA\nvio Emotnuoviko Tuvédplo Xnuikng Mnxovikic, Abnva, 29—
31 Maiou 2019.

3. Ytéda, M. Aukakn, B. Mmivag, M. MNavéng, B. Itabdémoulog, M.
KovooAakng, "Emibpacn tg neBodou ouvBeong ota PpuOLKOXN LKA
XOPAKTNPLOTIKA VavoSopnpévwy ofetsiwv Ce0,-TiO,", 12° MaveAAfvio
Emiotnpoviko Zuvédplo Xnuikng Mnxavikng, ABrva, 29-31 Maiou
2019.

A. Aaumpomnouldog, N. KakAidng, E. Mamwota, B. Mrtivag, M. Aukdkn, M.
Kovooldkng, I.E. Mapvéhhog, "Emidpacn Twv cuvBnkwv mupoAuong
€AANVIKOU Ayvitn otig GUCLKOXNULKEG LELOTNTEG KaL OTNV EVEPYOTNTA
aeplomoinong twv mapayopevwy efavOpakwudtwy”, 12° MaveAAnvio
Emiotnpoviko Zuvédplo Xnuikng Mnxavikng, ABrva, 29-31 Maiou
2019.

M. Aukakn, E. Maxatoupidou, S.A.C. Carabineiro, E. HAlomoUAou, X.
Avéplomotlou, N. KoAAiBpakag-Kovtog, 2. Mmoyoowav, M.
KovooAdkng, "Emibpaon tng popdoAoyiag tou dopea oTIG SOWLKEG
OTEAELEG KAl TNV emidAVELAKN XNUELO UTIOOTNPLYUEVWY KATAAUTWYV
Cu0/Ce0,", 15° MaveAAvio Tuunodolo KatdAvone, lwdavvive, 18-20
Oktwpfplou 2018.

M. Aukakn, E. Namota, S.A.C. Carabineiro, P.B. Tavares, M.
KovooAdkng, "BeAtlotomoinon tng SpactikOTNTAG MIKTWV O&elSlwv
CuO/Ce0, blapéoou tnC ueBOdou clVOeEONG Kol TNC EMLDAVELAKNG
npowdnon¢ — H mepintwon tng kataAutkAg Stdonaong tou N,O", 15°
MaveAArvio Zupnodoio KataAuong, lwavviva, 18-20 OktwRpiou 2018.
M. Aukakn, X. 3téda, S.A.C. Carabineiro, M. Mavéng, B. tabomnoulog,
M. KovooAdkng, "EmiSpacn tng vavodourg tou ¢opéa (CeO,) ota
dUGLKOXNULKA XOPOKTNPLOTIKA KOl OTNV KATAAUTIKA Spactikotnta
MKTWV ofeldiwv Fe,05/Ce0,", 15° MaveAAvio Tuunocio KatdAuong,
lwavviva, 18-20 Oktwppiov 2018.

N. KakAidng, M. Aukakn, M. KovooAdkng kat Tl.E. MapvéAhog,
"Aeplomoinon e£ovOpakwUATWY EAALOTUPVA TIPOC TTApaywYH agpiou
obvBeong pe xprion CO, A H,0 w¢ péowv aeplomoinong”, 15°
MaveAAnvio Zupnocto KatdAuong, lwavviva, 18-20 Oktwppiou 2018.
M. Aukakn, E. Nayxatoupidou, E. HAtomouAou, S.A.C. Carabineiro, M.
KovooAakng, "YS6poBepuikr olvBeon vavoowpatidiwv CeO,: Enibpaon
OTIC UOLKOXNULIKEG KOl KOTOAUTIKEG ELOTNTEG MIKTWVY ofeldlwv

237



Seminars

Honours and awards

Memberships

Curriculum Vitae Maria Lykaki

CuO/Ce0,", 11° MNaveMAvio EmoTnUovVikO JuvéSplo  XNULKAG
Mnxavikng, @sccahovikn, 25-27 Maiou 2017.

17. M. Aukakn, E. Namota, N. KakAidng, S. Carabineiro, M. KovaoAdkncg,
"Emidpaon Ttwv HOPdOAOYIKWY XAPAKTNPLOTIKWY VOVOOWHATLSIwY
Ce0, otnv kataAutikf Stdomaon N,O oe puktd ogsidia Co;0,/Ce0,",
11° MNoveAvio EmoTnUovikd  ZuvéSplo  XnNUIKAG  MnxavikAg,
Oeocalovikn, 25-27 Maiou 2017.

18. M. Lykaki, E. Pachatouridou, E.F. lliopoulou, S.A.C. Carabineiro, M.
Konsolakis, "Impact of synthesis parameters on the solid state
properties and the CO oxidation performance of ceria nanoparticles",
13" European Congress on Catalysis, Florence, Italy, 27-31 August
2017.

19. M. Aukakn kat M. KovooAdkng, "Tpomomoinon tng emudavelakng
XNUElOG utooTNPLYUEVWY KATAAUTWY XOAKOU péow OAANAETILOpAoEWY
petdAhou-dopéa”, 14° NaveAivio Supndoto KatdAuong, Ndtpa, 13-
15 Oktwppiouv 2016.

20. M. Aukdkn, E. Nayatoupidou, E.®. HAlomoUAou, S.A.C. Carabineiro, M.
KovooAakng, "Emidpaon tng nebddou ouvOeong otnv emdpavelakr Kot
kataAuTikr oupmeplpopd vavo-Snuntpiac”, 14° MaveAAivio ZUPTOGLO
KatdAuong, Natpa, 13-15 Oktwppiov 2016.

21. E. NMamwota, M. Aukdkn, S.A.C. Carabineiro, .E. MapvéAhog, M.
Kovooldkng, "Tpomomoinon tng emudavelakng xYnUelog HIKTWV
ofelbiwv CuO-Ce0, 6o péow NG emudpavelokng mpowbnong ue
aAkdAta (Cs): n mepimtwon NG KataAuTikA¢ Stdomaong tou N,0", 14°
MaveAAnvio Zupnooto KatdAuong, Matpa, 13-15 OktwPplou 2016.

20/05/2015 - 16/06/2015: Mpoypappa kotdptiong «Emtayn Atacivéeong
Me tnv Ayopa Epyaciag Avepywv Amodoitwv Mavermotnuiwv kot TEI»
(Kévtpo Ald Biou Md6naong EPEYNA).

25/05/2013: sepwvdplo (Association of Greek Chemists).

O¢pa: Aépla Xpwuatoypadio — Qacpatopetpia Mdalag, Opyavoloyia,
€DAPUOYEC KOl TIPOKTIKEG CUMBOUAEG YLOL ATTOTEAECHATIKA XPRON.
09/02/2013: Zepwdpro (TrainMiC, Association of Greek Chemists).

O©¢ua: Principles and Applications of Metrology in Chemistry.
15-16/10/2011: Emipopdwtiko ospvaplo (Association of Greek Chemists).
O¢pa: Yypn Xpwpatoypadio Zulevypevn pe Oacpatopetpia Malag (LC-
MS).

04/08/2017-28/02/2019: PhD Fellowship grant by the Hellenic Foundation
for Research and Innovation (HFRI) and the General Secretariat for
Research and Technology (GSRT).

2010-2011: Scholarship from the Technical University of Crete for
excellence during 1% year's postgraduate studies.

2005-2006: Scholarship from the State Scholarships Foundation for
excellence during 1% year's undergraduate studies.

Member of the Association of Greek Chemists.
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