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Evyapiorics

H viormoinon ¢ mopoveag didoxtopixns oatpifng Go. oy aodvatn xwpic v Eurnporty copforn ko
oTNPICN OPLOUEVMV OTOUMV, TOVS 0Toiovs Ba nbeia va evyapiotnow oloyvyo.

Apyixa, Ba nbeia va evyopiotnow amd kopoias Kol Vo, EKPPAO® THV EVYVWUOTOVH OV OTOV
emprémovia KaOnynty pov Miyaln Koveoldxn yia v ouépiotny cvumopactaoy, kaboonynon koi
EUTTLOTOODVY TOV €0€ICE 0TO TPOCOTO LoD OAa avta ta ypovia. H adiaxornn kaboonynon tov, ot
TOADTIUES TOUPOVIES TOD Kol 1] OUVEXNS DTOOTHPIEN TOD KATEGTHOOY OOVOTH TNV TPOYUATOTOINGH THG
TOPOLOAS O1OOKTOPIKNG OL0TPIPHG.

Emzniéov, Oa nbelo vo evyapiotiow o0lobepuo. tov Emikovpo Kobnynty Baoiieio Mrmivo yio v
ovveyny kKaBoonynon, ™y EUTIOTOGOVY, THYV DTOUOVH KOl TH oOUTopdotacy kol oin v didpkeio
EKTTOVHONG THS TOPODOAS O100KTOPIKNG OLOTPIPHG, TOOO O€ EMIGTHUOVIKO OG0 KOl O TPOCOTIKO
eminedo. H otnpiln tov kou n dwoyn ovvepyoaoio pag oia avta ta ypovia vmnplov kobopiotikol
TOPAYOVTES VIO TNV DAOTOINGH THS TOPOVEAS OLOTPIPHG.

Eriong, Oa nbeia va evyopiotnow Oepuc tov KabOnyntn ewpyio Mapvéllo yia v emiotnuovikn
kaBoonynon koir T oTHPICH TOL KOTG TH OLOPKEIN THG OLOGKTOPIKNG OlaTpifing, kobwe emions tov
KaOnynn Xmopo IloamogvBouiov yia ™ ovufoln tov oto mAaicio TS TOPOLOOS OIOOKTOPIKHS
owpifng. Evyopiotieg ka1 ge 0da 1o puédn g emtouelovg eletaotikng emtpomns yio v mpooun
OVUUETOYN TOVG 0TV EEETAON THS TOPODTOS OLOOKTOPIKNG OLOTPIPHG.

2e avto to onueio, Ba neka va. evyopioTno® TOVS AVOPAOTOVS UE TOVS OTOIOVS TVVEPYATTHKO, GTOVS
TOUEIS TOV YOPOKTHPIGUOD DAIKOV KOl TV KOTOADTIKOV dokiuwv. H couforn twv aviporwv avtwv
vmiple kabopioTikn yio TV TPAYUATOTOINGN THS O100KTOPIKNS OTHS dlatpifns. Evyopiotd Ogpud, tov
KabOnyntn Booiin 2rabomovio ko tov Kopio Epevvyty Ap. Hodlo Iavon yio tqy ayoyn covepyaoio,
HOGS KaL TN ONUOVTIKY TOVG oVUPOAN atny vAomoinan TS TopPovoos O10aKTOPIKNG olatpifns. Eriong,
pabvtates evyopioties opeilw oty Ap. Mopia Avkokn yio v auépiotny fonbeio e oTov TOULN THS
oOVOEONS KO TOV YOPaKTHPIGUOD DAIKWOV KoL THY GWOoyn GuVEPYasia 0lo. ovta. ta. ypovia. Emimléov, Qo
nBsio. va. evyapiotnow tovs owoaxtopes Iewpyio Bapfoidtn ko Oovoon Aoumpomovio yio. v
eCOIPETIKI OLVEPYOTLO. KOL TV KAIp1o, GOUPOAN TOVG OTO KOTOAVTIKG TElpouata. Evo. ueyalo evyoplota
atov Ap. Mopivo Anuntpomovlo yio Ty GHUAVTIKY GOUPOAN TOD GTOV YOPOKTHPLOUO TV DAIKOV GALG
Ko Y10 i TOADTIUES TVHTHOEIS LOG.

Ocpués evyopioties oc 0ia ta uéin tov Epyootnpiov Aigpavaov kor Huoyoyiuwy Yiikov oro ITE, Ap.
Eupovoont I'kaykoaovoaxn, Ap. Evayyeiio Ziinpn, Ym. Ap. Aéida Zovpion, Ym. Ap. Miyain
Xapoiouraxn, Yr. Ap. Aviwvia Aovpapdokn, Mapio Zwypopdxn kor Aéve. Mavtiiov yio Tig
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0VOLOOTIKES TVHTHOEIS TTOV Elya Uoll TOVS 070, OLAPOPa. ETLOTHUOVIKG, OEuaTa THS O1aTpIfnG 000 Koi
YLaL TO PIAIKO KA OV avartdyOnke 0Ao. avTa. Ta. Ypovia.

TElog, Ba nbeia va evyopiotnom oAdbepua kot vo. EKPPOGm THY EDYVOUOTOVH OV GTOV GOVIPOPO LOD
Tiavvn, tovg yoveig pov Xopiloo xair Anquntpa, tov adgppo pov Liavvy kol oe 0Aovg T00¢ PIAovS Yia
mv nbikn opiln, ™y vmwouovy, ™V oyamn kor Ty evlappoven tovg kol oAy v mopeia g

O10GKTOPIKNG OV OLATPIPHG.
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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 development of noble metal-free nanostructured
ceria-based transition metal catalysts with innovative composition and architecture (MxCe1xOs, M:
Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn), which are characterized by low cost and optimal activity/stability.
More specifically, the surface chemistry of the as-prepared catalysts and their catalytic activity was
attempted to be fine-tuned through the advanced synthetic methods, the surface and/or structural
promotion and the modification of metal-support interactions using promoting/reducing agents.

In the framework of the present thesis, the effect of the preparation method (hydrothermal,
precipitation, and the Stober method) of CeO2/TiO> mixed oxides on their physicochemical
properties and CO oxidation performance was initially investigated. The catalyst prepared using the
Stober method exhibited optimal catalytic activity, which can be attributed to its enhanced reducing
capability. Additionally, the effect of different Zn/Ce ratios on their physicochemical properties and
CO oxidation performance of CeO2/ZnO mixed oxides was examined. Using the hydrothermal
method, a series of bare CeO; and ZnO oxides, as well as CeO2/ZnO mixed oxides with varying
Zn/Ce atomic ratios (0.2, 0.4, 0.6), were prepared. The catalytic results demonstrate the improved
performance of the mixed oxides compared to the bare catalysts, revealing synergistic interactions
between CeO; and ZnO.

In addition, the effect of the active phase nature on the physicochemical properties and catalytic
activity for the CO> hydrogenation reaction in ceria nanorods-based transition metal catalysts,
M/CeO> (M: Ti, V, Cr, Mn, Fe, Co, Ni, Cu) was explored. It was found that the CO> conversion
follows the order: Ni/CeO2 > Co/CeO2 > Cu/CeO2 > Fe/CeO, > CeO; > Cr/CeO2 > Mn/CeO; >
Ti/CeO2 > V/CeO,. Based on the selectivity results, it was observed that bare ceria, Cu/CeO-,
Fe/CeO,, Cr/CeO,, Mn/Ce0», Ti/CeO,, and V/CeO, are selective towards CO production, while
Co/CeO; and Ni/CeO: catalysts are particularly selective towards methane (CH4). Specifically, the
combination of nickel with ceria significantly favors the CO2 methanation reaction.

Then, the role of Ni particle size in the CO2 hydrogenation reaction of Ni/CeO;-nanorods catalysts
was investigated. Specifically, catalysts were prepared with a Ni/Ce atomic ratio that varied between
0.10 and 1.50 and it was found that the increase of Ni loading had a significantly positive effect on
the catalytic behavior with the best behavior being attributed to the sample with an atomic ratio of
Ni/Ce=1.00, corresponding to an optimal Ni particle size ~20 nm. Notably, all samples showed high

CO2 methanation activity at temperatures lower than 300 °C and negligible CO production.



Furthermore, the phenomenon of promotion using ZnO was investigated by preparing CeO»/ZnO
mixed oxides as supporting carries of Ni active phase. In contrast to the catalytic activity of Ni/CeO»,
Ni/ZnO and Ni/CeO,-ZnO catalysts are selective towards CO production, suppressing the CO>
methanation to a large extent, revealing the role of ZnO promoter in determining the reaction
mechanism.

Aiming to develop a low-cost metal-free material that can be used either as a catalyst or as an active
phase support, in the second part of the present thesis, graphitic carbon nitride (g-C3N4) was prepared
and evaluated for the photocatalytic degradation of gases and liquids pollutants. Specifically, a
comparative study was conducted on the physicochemical properties and adsorption capacity of bulk
g-C3Ns and g-C3Ns nanosheets. The results revealed significantly improved physicochemical
characteristics for the nanosheets, as well as enhanced adsorption capacity compared to the bulk
structure of g-C3Nas. Furthermore, both bulk g-C3N4 and g-C3N4 nanosheets were evaluated for their
photocatalytic degradation of gaseous and liquid pollutants, and the g-CsN4 nanosheets exhibited
exceptional photocatalytic performance.

Collectively, the present thesis has unequivocally highlighted the important role of the preparation
method and surface modification on the physicochemical properties, metal-support interactions and
in turn, on the catalytic performance of as-prepared catalysts. 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 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, CO> hydrogenation and the photocatalytic
degradation of gases and liquids pollutants, being among the most active reported so far in open

literature.



Yovroun wePiAnyn

O opBoroyIKOG GYedAGIOG KOt 1] AVATTLEN OTOTEAEGLOATIKAOV KOl GUVALLO OTKOVOLUK®V KOATUAVTIKMOV
CLOTNUATOV Y10 EVEPYELOKES KO TEPPOAOVTIKES EQAPULOYEG OMOTEAEL TOV KOPLO EPELVNTIKO TLADVL
oTOV TOopéN NG €TepOoyeEVOVg KatdAivone. Ilpog avt) v kotevbuvon, avtikeipevo HEAETNG TNG
TapoVcaG O10AKTOPIKNG dTPIPNG amoterel 1 6VVOEST] KOVOTOU®MV G€ GUOTACN Kol OPYLTEKTOVIKN
VAVO-00UNUEVOV KATOAVTIK®V GUOTNUATOV UIKTOV 0Ee1dimv petdhiwv petantoong (MxCe1xOs, M:
Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn), omaALoyHLEVOV EVYEVOV UETOAMA®V, TO oToio yapaktnpilovtal
amd YoUnAd ko6otog kot PéATioT) dpaoctikdOtnTa/ctafepotnta. Idwaitepn onuocio emdodnke otov
0pBoLOYIKO GYESACUO KOl GTNV EVIGYLOT TNG OPAGTIKOTNTOG TWV TPOG OVATTUEN VAKAOV HEGH TNG
Bértiomng tpomomoinong (fine-tuning) TV YOPOKINPIOTIKOV SOUNG/LOPPOAOYIOG Kol YNUIKNG
KATAOTOONG. AVOALTIKOTEPO, 1) EMPAVEIOKN YMUElL TV KTOV 0&ediny mov Ba avamtuyBovv Kot
K0T €MEKTAON 1 KOTOAVTIKY] TOVG GUUTEPLPOPE EMYEIPEiTOL VO EVIoyLOel/TpomonomOel KatdAinia
dl0 LEGOL TNG EPAPLOYNG TPONYUEVOV HeBOd®V GVUVOESNG, TOV POIVOUEVOD TNG TPOMONoNG Kot TNG
TPOTOTOINONG TV OAANAETIOPACE®V UETAALOL-QOPEN OLOUECOV NG XPNONG TPO®ONTIK®OV-
AVOYOYIKOV LEGMV.

Eni ) Bdon tov avotépw, 610 TAAic0 TG TapoHeoc S10aKTOPIKNG daTpIPng, nehetOnke apytkd n
emidpaon g peboddov mapackevng (VOPodepK HEBOJOG £VOG Kol 600 oTadimv, N Katafvdion Kot
N péBoodog Stober) tov pktdv ofewiov CeO2/TiO2 6To PLGIKOYNUIKA YOPAUKTNPIGTIKA KOl GTNV
KOTOAVTIKN OPAGTIKOTNTA TOVGS, EML TV €MTEAEST] TNG avTiOpaong o&eldwong Tov CO. O kaToAVTNG
OV TAPOcKELASTNKE pe TN péBodo Stober mapovoioce ™ PEATIOT KATOALTIKY OPOCTIKOTNTA M
omoio. umopel va amodoBel ot Pertiopévn avoayoywn wkavoétta tov. Emumdéov, diepevvnbnke N
eMidpac TOV SAPOPETIKOV TOGOGTOV ZnO OTIS QUGIKOYNUIKES O10TNTEG KO GTNV KOTOAVTIKT
amodoon ¢ o&edwong tov CO tov wktov ofewinv CeO2/Zn0O. Xpnowonoudvtag Tnv
vopobeppikn péBodo, mapackevdotnke P oelpd and Kabapd ofeidia CeOr ko ZnO, kabmg Kot
piktd o&eiota Ce02/Zn0O pe drapopetikég atopkés avaroyieg Zn/Ce (0,2, 0,4, 0,6). Ta kotaivTikd
amoteAéopato dclyvouv PBerTiopévn amddoon TOV WKTOV 0EEWimV 6e GUYKPIoT Ue To. Kabapd
VTOGTPOUOTO, ATOKOADTTOVTOG OTLG GLUVEPYLOTIKES OAANAETdpdoelg puetaly CeOr kot ZnO.

X1 ovvéyela, peAeTnOnke N emidpacn TG eUONG TNG EVEPYOVS PAONG OTIS PLGIKOYTUIKES O10TNTES
KOl GTNV KATOAVTIKY] COUTEPLPOPE, OC TPOGg TNV avtidpact vopoydvmong tov COs2, ce KOTAADTES
UETAAMAOV PETATTMOGNG VITOGTNPLYUEVOVS G Vavopafoovg dnuntpiag, M/CeOz (M: Ti, V, Cr, Mn, Fe,
Co, Ni, Cu). Bpénke 61t n petarpont| tov CO2 axorovBel v e&ng oepd: Ni/CeOz > Co/CeO2 >
Cu/CeO; > Fe/CeO2 > CeO, > Cr/CeO2 > Mn/CeO> > Ti/CeOr > V/CeO,. Eni m Pdon tov

OTOTEAECUATOV EKAEKTIKOTNTOG, OlOmIoTOONKE OTL ot koTaAvteg kabapng onuntpiog, Cu/CeOo,

xi



Fe/CeO2, Cr/CeO2, Mn/CeO,, Ti/CeO2 kou V/CeO2 givan exhektikol wg mpog v mapaywnyn CO, evd
ot kotaAvteg Co/CeO; kau Ni/CeO givan 1dwaitepo exAextikol wg mpog 1o pebavio (CHy).

‘Emeta, 800nke éupaocn oto poAo tov peyéboug tov copotdiov Ni oty avtidpacn vdpoyovoong
CO2 t0v kataAvtdv Ni/CeOz-nanorods. Zuykekpléva, TOPACKELAGTNKOY KOTOADTEG LE OTOUIKO
Adyo Ni/Ce mov petafAnonke peta&v 0.10 kot 1.50 ko damotddnke 60T1  avénomn tov mtococtov Ni
elye onuavtikd OeTikn emidpaoN OTNV KATOAVTIKY) CUUTEPLPOPE HE TN PEATIOTN CLUTEPIPOPE Vo
amodideTan 610 delypa pe aropkd Adyo Ni/Ce=1.00, evd to Bértioto péyeboc cmpatidiov Ni yuo v
emitevén g PEYIoTNG £yyevovng dpaotikdtntag sivar ~ 20 nm. Xg ke mepintmon, OAa ta dsiypota
EUGAVIGOV LYNAN evepyoTNTa ®G TPog TN Mebaviwon tov CO2 og Beppokpacieg yaunlotepeg twv
320 °C ko mpaxtikd unodevikn topaymyn CO. EmmAiéov, diepevviOnke to gavopevo g tpoddnong
pe xpnon ZnO pe v mopoackevn ktodv ofewinv CeO2/ZnO og popelg g evepyns edong Ni. Xe
avtifeon pe v kotoAvtikny dpdon tov Ni/CeOz, ot kataidteg Ni/ZnO kot Ni/CeO2-ZnO givon
exhektikol g mpog Vv mapaywyn CO, katactéAlovtag oe peydio Baduo m pebavioon tov CO2,
amokaAdmToVTag T0 poOA0 TOL Tpowbnt ZnO ®g mPog TOV KABOPIGUO TOL HUNYOVIGHOV TNG
avTidopaong.

Xtoxevovtog otnv avamtuln evog YOUNAOD KOGTOUG VAIKOV, OaAAQYUEVO OO PETOAAN, TO OTOiO
pmopel va ypnowomomBel eite ®g KATOALTAG €it€ ©C VWOSTNPIKTNAG NG €vePYoD @AOMG,
TOPACKEVAGTNKE TO YPaPLTIkd Vvitpido tov dvBpaka (g-C3Ni) wor afohoyndnke og mpog v
EMTELECT] TNG AVTIOPOGNG TNS POTOKOTAAVTIKNG O1AGTOCNS OEPIMV Kol LYP®V pUTt®V. E1dikdtepa, og
TPAOTN PACT TPOYLATOTOMONKE LU0 GUYKPITIKY LEAETN MG TPOG TIG PLGIKOYNLUKES 1O1OTNTES KOl TNV
woavotnta tpospdenong g bulk dopung g-CsNy kou tov vavo-euAlwv g-C3N4. To amoteréopoto
amoKaAvyay eCopeTIKG PEATIOUEVO PUGIKOYNUIKA YOPUKTNPIGTIKE Yo T VOVO-QUAAD OAAL Kot
BeAtiopévn TpospoPnTikny wKavotnta o€ cvykplon pe v bulk doun g-Cs3N4. Emimpoofétmc, ot dvo
avtég oopés g-CsNa a&ohoyndnkav ®g mPog TN QOTOKATOAVTIKY] OAGTOCT 0EPLOV Kol VYPOV
pOTTOV, Kot To vovo-QUALN g-C3Ny emédei&av eEopeTiKy @OTOKATOAVTIKY] 0mdO0sT).

Yvvoyilovtag, N mapovco dakTopiky dtpiPn avédelle adOUPIGPNTNTO TO CMUAVTIKO POAO TNG
SadIKOGIOG TOPACKEVTG TOL POPEN KOL TNG EMPOVEINKNG EVIOYLONG OTIG PLGIKOYNLUKES 1010TNTEG,
OTIG OAANAETOPACELS LETAAAOV-QOPEN KO KAT' ETEKTACN OTNV KATAALTIKY amddooon. Edkdtepa, 1
KATGAANAN TpoToTOinoT TOv HEYEBOVS, TOL GYNUOATOG KOl TNG NAEKTPOVIOKNG Katdotaong Ppédnke
va ennpedlel oe onuavtikd Pabud 1000 TN SPACTIKOTNTA TOV UETOAMK®OV KEVIPOV OCO KOl TN
OLETMIPAVEIOKT] EVEPYOTNTO GCUVEICPEPOVTOS CLVEPYIOTIKA TPOG TNV avamtuln dwaitepa evepymv
vakov. H mpotetvopevn mpocéyyion Peitiotonoinong odfynoce o€ eEapetikd evepyd KOTaALTIKG

VMK yopnAoy kOGTOVG Yoo TS ovTdpacels ofeidmong tov CO, vdpoyovoong tov CO2 ko
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POTOKATOAVTIKNG OIUOTACTG 0EPLOV KOl DYPOV POV KATATAGGOVTAS To HETAED TV O EVEPYDV

VAMK®OV avopopikd pe ) Bipioypapia.
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Extended Synopsis & Structure Thesis

Cerium dioxide (CeO») or ceria has been studied in a variety of catalytic applications, either as a
catalyst itself or as a support material, due to its unique properties such as high thermal stability,
oxygen storage capacity (OSC), and oxygen mobility. Ceria exhibits two oxidation states
(Ce**/Ce*"), and a facile shift between these two states, followed by the generation of
surface/structural defects, e.g., oxygen vacancies, is responsible for its improved redox behavior.

The development of ceria-based materials at the nanoscale level is considered of particular
importance, as the reduction in particle size leads to distinct physicochemical properties due to the
electron interactions that occur between the nanoscale particles. In addition to size, recent studies
have highlighted the significant influence of material morphology on physicochemical characteristics
and activity. Furthermore, the incorporation of various transition metals into the ceria carrier can
significantly induce modifications in the physicochemical properties through geometric and/or
electronic interactions between the metal dopant and the support, with a significant impact on

catalysis. Among these modifications, the following are mainly included:

e the formation of surface defects and oxygen vacancies,

e the creation of interfacial sites of high activity (interfacial reactivity),

¢ high reducibility,

e the electronic interactions between the interfacial sites.
The above-mentioned alterations resulting from the strong metal-support interactions are referred to
as "synergy". However, the underlying causes of this phenomenon remain unclear due to the intricate
nature of these interactions (geometrical and/or electronic type). The investigation of structure-
activity relationships and the fundamental understanding of the phenomenon of "synergy" are crucial
research areas in the field of catalysis.
In summary, the objective of the present thesis is the development of innovative composition and
architecture of noble metal-free nanostructured ceria-based transition metal catalysts (MxCe1-xOs, M:
Ti, V, Cr, Mn, Fe, Co, Ni, Cu), appropriately modified by aliovalent dopants (e.g., TiO2, ZnO, g-
C3N4), which are characterized by low cost.
More specifically, the surface chemistry of the as-prepared catalysts and their catalytic activity was
attempted to be enhanced (fine-tuning) appropriately through:
(a) the advanced synthetic methods (hydrothermal, precipitation, wet impregnation, Stober) towards
the development of nanomaterials with predefined morphology
(b) the appropriate adjustment of the catalysts' inherent properties through surface and/or structural

promotion.
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(c) the modification of metal-support interactions through the use of promoting/reducing agents (e.g.

graphitic carbon nitride (g-C3Na)).

The impact of the aforementioned synthesis/modification parameters on the physicochemical

characteristics of the as-synthesized materials was assessed using advanced techniques for texture

and microstructure characterization, such as N> adsorption at —196 °C (BET method), temperature

programmed (TPD/TPR), scanning/transmission electron microscopy (SEM/TEM), X-ray diffraction

(XRD), Raman spectroscopy, UV-visible spectroscopy (UV-Vis), Infrared spectroscopy (IR), TGA

thermogravimetric analysis, X-ray Photoelectron Spectroscopy (XPS), etc. Furthermore, the catalytic

performance of the materials was examined for various applications such as CO oxidation, CO»

hydrogenation for producing value-added products, and liquid- and gas-phase photocatalysis.

In light of the above aspects, the structure of this thesis is as follows:

R/
L X4

Chapter 1 introduces the field of rational design and development of ceria-based catalysts,
delving into the influence of preparation method, size, and shape on catalytic activity.
Specifically, it includes a literature review of the effects of these factors on various energy and
environmental catalytic applications such as CO oxidation, CO> hydrogenation to value-added
products, and photocatalysis. Additionally, this chapter describes the impact of incorporating
transition metal heteroatoms into the ceria lattice and the utilization of promoting/reducing agents
(e.g., graphitic carbon nitride (g-C3N4)) on catalytic performance.

Chapter 2 provides a detailed description of the experimental part of this thesis, examining the
material synthesis methods, characterization techniques, and catalytic reactions employed.
Chapter 3 presents the synthesis, characterization, and catalytic evaluation of CeO2/TiO2 and
Ce02/ZnO mixed oxides for the CO oxidation reaction. Specifically, the influence of the
synthesis method of CeO2/TiO> mixed oxides on their physicochemical properties and catalytic
activity was investigated. Four different synthesis methods were employed: hydrothermal one-
step and two-step methods, precipitation, and the Stober method. Among these, the catalyst
prepared using the Stober method exhibited optimal catalytic activity, which can be attributed to
its enhanced reducing capability.

Additionally, CeO2/ZnO mixed oxides were synthesized, and the effect of different Zn/Ce ratios
on their physicochemical properties and catalytic activity was investigated. Using the
hydrothermal method, a series of bare CeO> and ZnO oxides, as well as CeO2/ZnO mixed oxides
with varying Zn/Ce atomic ratios (0.2, 0.4, 0.6), were prepared. The catalytic results demonstrate
the improved performance of the mixed oxides compared to the bare catalysts, revealing

synergistic interactions between CeO; and ZnO.
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The results of this chapter were published in the following scientific journals:

v' Sofia Stefa, Maria Lykaki, Dimitrios Fragkoulis, Vasileios Binas, Vassilis N.
Stathopoulos, and Michalis Konsolakis, "Effect of the Preparation Method on the
Physicochemical Properties and the CO Oxidation Performance of Nanostructured
CeO»/TiOz Oxides", Processes 8 (2020) 847. doi: 10.3390/pr8070847

v 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. doi: 10.3390/app10217605

% Chapter 4 presents the effect of the active phase nature on the physicochemical properties and
catalytic activity for the CO> hydrogenation reaction in ceria-based transition metal catalysts,
M/CeO> (M: Ti, V, Cr, Mn, Fe, Co, Ni, Cu). It was found that the CO> conversion follows the
order: Ni/CeO2 > Co/CeQO2 > Cu/CeO2 > Fe/CeO2 > CeO; > Cr/CeO2 > Mn/CeO2 > Ti/CeO; >
V/CeOs. Based on the selectivity results, it was observed that bare ceria, Cu/CeQO2, Fe/CeOy,
Cr/CeO2, Mn/Ce0O3, Ti/CeO», and V/CeO,, are selective towards CO production, while Co/CeO>
and Ni/CeO; catalysts are particularly selective towards methane (CHas). Specifically, the
combination of nickel with ceria significantly favors the CO2 methanation reaction.

Chapter 4 emphasizes the role of Ni particle size on the CO> hydrogenation performance of
Ni/CeOz-nanorods catalysts. Furthermore, in Chapter 4, the phenomenon of promotion using
Zn0O was investigated by preparing CeO2/ZnO mixed oxides as supporting carries of Ni active
phase. In contrast to the catalytic activity of Ni/CeO2, Ni/ZnO and Ni/CeO2-ZnO catalysts are
selective towards CO production, suppressing the CO> methanation to a large extent, revealing
the role of ZnO promoter in determining the reaction mechanism.

The results of this chapter were published in the following scientific journals:

v" 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

v 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 CeO2 nanorods for low-temperature CO> hydrogenation to
methane", Catalysis Communications 142 (2020) 106036. doi:
10.1016/j.catcom.2020.106036
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v Georgios Varvoutis, Maria Lykaki, Sofia Stefa, Vassilios Binas, George E. Marnellos, and
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/CeO2 nanorods", Applied Catalysis B: Environmental 297 (2021) 120401. doi:
10.1016/j.apcatb.2021.120401

v Georgios Varvoutis, Stamatia A. Karakoulia, Maria Lykaki, Sofia Stefa, Vassilios Binas,
George E. Marnellos, and Michalis Konsolakis, "Support-induced modifications on the
CO: hydrogenation performance of Ni/CeO,: The effect of ZnO doping on CeO:
nanorods", Journal of CO, Utilization 61 (2022) 102057. doi: 10.1016/j.jcou.2022.102057

% Chapter 5 describes the synthesis, characterization, and catalytic activity of graphitic carbon
nitride (g-C3N4) in liquid- and gas-phase photocatalysis. Specifically, a comparative study was
conducted on the physicochemical properties and adsorption capacity of bulk g-C3N4 and g-C3N4
nanosheets. The results revealed significantly improved physicochemical characteristics for the
nanosheets, as well as enhanced adsorption capacity compared to the bulk structure of g-C3Na.
Furthermore, both bulk g-C3N4 and g-C3N4 nanosheets were evaluated for their photocatalytic
degradation of gaseous and liquid pollutants, and the g-C3N4 nanosheets exhibited exceptional
photocatalytic performance.

The results of this chapter were published in the following scientific journals:

v’ Sofia Stefa, Maria Griniezaki, Marinos Dimitropoulos, George Paterakis, Costas Galiotis,
George Kiriakidis, Emmanuel Klontzas, Michalis Konsolakis, and Vassilios Binas,
"Highly Porous Thin-Layer g-C3N4 Nanosheets with Enhanced Adsorption Capacity",
ACS Applied Nano Materials 6 (2023) 1732-1743. doi: 10.1021/acsanm.2¢c04632

v’ Sofia Stefa, Maria Zografaki, Marinos Dimitropoulos, George Paterakis, Costas Galiotis,
Palanivelu Sangeetha, George Kiriakidis, Michalis Konsolakis, and Vassilios Binas,
"High surface area g-Cs;N4 Nanosheets as superior Solar-Light Photocatalyst for the
Degradation of Parabens", Applied Physics A, (2023) (accepted).

v Sofia Stefa, Evangelia Skliri, Emmanouil Gagaoudakis, George Kiriakidis, Michalis
Konsolakis, and Vassilios Binas, "Visible light photocatalytic oxidation of NO using g-
C3N4 nanosheets: Stability, kinetics, and effect of humidity", (2023) (submitted).

% Chapter 6 provides a summary of the conclusions drawn from this thesis, while also presenting
suggestions for future research regarding the rational design and development of highly

active/selective catalytic systems for energy and environmental applications.
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Exterapévn Lovoyn & Aopn Epyaciog

To 0&gidio Tov onuntpiov (CeO2) N dnuntpia €xel perembel oe TANODPA KOTOALTIKOV SEPYATIDV
elte g KataATNG avTdg KabBawtdg €lte ¢ POPENS AOY®D TOV HOVASIKOV TOV 1O10TNTOV, OTMOC M
vynAn Bepukn otabepdtnra, N pHeydAn avotnta amobnkevong o&uydvou (oxygen storage capacity,
OSC) kot kwvnrikémta o&vydévov. To dnuntpro mopovotdler 600 0EEWOMTIKEG KATUGTACELS
(Ce*'/Ce*) xor M svkoAa evodloyng Tov pETAED oUTOV TOV 00 OLEIBMTIKOV KATAGTACEMY
GLVOOEVOUEVT] OO TN SNUOVPYIN EMPOVEIOKDOV ATEAELDV, OTWG Ol KEVEG BEaelc o&uydvou (oxygen
vacancies), 0empodvtatl vrevBuveg yia TIG PEATIOUEVES 0EEIDO0NVOYWYIKES TOV 1OLOTNTEG.

[dwitepng onpaciog kpivetor 1 avantuén vikav pe Pdon 1o CeO2 og eninedo vavo-kKApoKog,
KaBdg 1 peimon Tov peyéboug Tov copatdiov odnyel o EeY®PIOTES PLOIKOYMULKES WO10TNTEG AOY®
TOV NAEKTPOVIOKAOV OAANAETIOPACE®Y TOV OVATTOGGOVTOL LETAED TV vavo-copatdiov. [Tépa and
M onuocio tov peyedovg, mpOoPOTEG UEAETEG £YOVV OVOOEIEEL TN ONUOVTIKY EMOPOCT TNG
HOPPOAOYIOG T®MV VAMK®OV GTO QUGIKOYNUIKA YOPUKTNPIOTIKG Kot 6T dpaocTtikdétnta. Emmiéov, n
EVOOUATOON £TEPO-ATOUMV UETAAA®V petdntoong oto mAéypo tov CeOz em@épel oNUOVTIKEG
QUOTKOYMNMKEG  OTOPOYES, HECH YEMUETPIKOL T1)/KOl TMAEKTPOVIOKOD TOTOV OAANAETOPACELS
UETAALOV-QOPEN, LE ONUOVTIKO OVTIKTUTO OTNV KOTAALGN. AVAUEGO GE OVTEC TIG OOTOPOYEG

ocvumeptrappavoviot Kupimg:

e 1 dnuovpyio eMPAVEIOK®OV ATELELOV Kot Kevav BEécemv o&uydvou (oxygen vacancies),

e 1 dnuovpyio SETPAVEIOK®V KEVIPOV DYNANG dpactikotntog (interfacial reactivity),

* 1 vyYnAn wavotta avaywyng (reducibility),

® Ol NAEKTPOVIOKEG AAANAETIOPAGELS LETOED TMV OEMUPAVELLKDV KEVIPMV.
O mpoavapepBeioeg dtoTapoyEg TOLV dNUOVPYOVVTOL OO TIS WOYVPES OAANAETIOPAGELS LETAALOV-
QOPEN, VIAYOVTAL GTO YEVIKO Opo "ouvvépyeld", yopic dpmg va €yovv amocaenviotetl to fadvtepa
aiti Tov QAVOUEVOL AOY® 1TNG MOALTAOKOTNTOS TOV OAANAEMOPACE®V (YEOUETPUKOD 1i/KoL
nAekTpoviokov TUTOV). H digpedviion tov oxécemv OOUNG-OPACTIKOTNTOG KOl 1 OepeAidong
KOTOVONOTN TOL Qowvouévoyu TG "ouvépyelas" amotehel €vav amd TOLG CNUAVTIKOTEPOVS TOUELS
€peuvag 6TV KoTdALoN.
Yvvoyilovtag, avTikeipnevo HEAETNG NG MOPOLGOS OWOOKTOPIKNG dTpiPr|g amotedel m obvBeon
KOWVOTOU®V GE GUOTOOT KOl OPYLTEKTOVIKY VOVO-OOUNUEVOV KOTOAVTIKGOV GLGTNUATOV UIKTOV
ofewiwv petdArlov petantoong (MxCeixOs, M: Ti, V, Cr, Mn, Fe, Co, Ni, Cu), anoaAloypévov
EVYEVOV HETAAL®V, Ta omtoia Ba yapaktnpilovtal amd yopnAd KOGTOS Kol LYNAN OPaCTIKOTNTA.
AvoATIKOTEPE, M EMPAVEIOKN YMUElD TOV TPOG OVATTLEN KATOALTOV Kol KOT' ETEKTOCN 1)

KOTOAVTIKN TOVG CUUTEPLPOPA EMLyEPNONKE Va evioyvBel/TpotonomBel dia pésov:
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(o) TG epapuoYNg TponyUEVOV HeBdd®V cuvBeonc (VOPoBepIKT, KoTa VOGN, LYPOS EUTOTIGUOG) OL
omoieg Ba dSvvavTal va 00N yNGoVY 6 VOVODAKE TPoKaBOpIoUEVIC LOPPOLOYING,

(B) Tov pawvopévou tng TpomONoNg LEGM TG YPNONG EMLPAVELNKDV/SOUIKDY EVIGYLTMV,

(y) g Tpomomoinong TV AAANAETIOPACE®V HETAAAOV-QOPEN SIOUEGOD TNG XPNONG TPOWONTIK®V-
avaywyikov pécmv (m.y. graphitic carbon nitride (g-C3N4)).

H enidopaon tov avotépo Tapauétpmv chHvOEoNG/TPOTOTOINCNG GTA PLGTKOYNUIKE XOPAUKTPIOTIKG
TOV TPOG AVATTVEN VAKOV amOTIUNONKE SIUUECOV TPONYUEVAOV TEYVIKOV YOPOKTNPIGHOD VENG Kot
pikpodoung, otv omoieg meptlapfavovov petald dAAov T euvowky poéenon BET, v Ogpuo-
npoypappatilopevn  exkpoéonon/avaywyqy  (TPD/TPR), v mAektpoviky  piKpookomio
ocbpwong/diérevonc (SEM/TEM), mepibiaomng axtivov X (XRD), ™ ¢oacpatookonio Raman, v
eacpatookonio  opatov-vmepvBpov  (UV-Vis), v vraépvbpn oeacpatookormia (IR), 1
Oepuootabuikn avaivon TGA, ktAh. EmmAéov, 1 KOTOAVTIKY] GOUTEPIPOPE TOV VAKOV HeEAETONKE
Katé v emtédeon g avtidopaong o&eidwon tov CO, g vopoydvmong tov CO2 kabmg Kot ™G
(OTOKOTAAVTIKNG OO APV KOl VYPAV PUT®V, TPOKEWEVOL Vo ANebel yvoon ent twv
oxécemVv doUNG-OpacTIKOTNTAG (Structure-activity relationships).

Eni t Bdon tov mapandve,  d1édpbpmon e mapodcsag S10aKToptkng datpiPpng £xel mg KATwOL:

% To Kepdhowo 1 omotelel por giloaymyn oto medio tov opbHoroykov oxedlacpHoD Kot NG
avamtuéng kataAvtdv Paciopévev ot onuntpia, sppadovoviag oy enidpaocn g pebodov
TOPUCKELNG, TOL HEYEOOLG Kol TOL GYNUOTOG OTNV KATOALTIKY cvumeprpopd. Eidikdtepa,
npoypatonoleitol  PPAoypaeikn  avackOmTNon TV EMOPACEDV TV  TPOUVIQEPHEVTDV
TapAYOVTIOV GE OUPOPES EVEPYEIOKES Kol TEPIPOALOVTIKEG KATOAVTIKEG EQUPUOYEG, OTMG M
o&eidmon tov povoéediov Tov avipaxa (CO), 1 vOpoydvmon Tov d1o&ediov tov dvBpaka (CO2)
mpog mpotovia vyning mpootiBéuevng aiag, kKo 1 eotokatdivon. EmmpocOitmg, oto
CLYKEKPIUEVO KEPOAONLO OVOAVETOL 1 EMOPACT] TNG EVOOUATOONS £TEPO-ATOUMV UETAAA®V
LETAMTOONG 6TO TAEYHA TG dNUNTPING Kot TNG XPNONG TPOWONTIKOV-0VAY®OYIKAOV UECOV (TT.).
graphitic carbon nitride (g-C3N4)) 6TV KaTaALTIKT) GOUTEPLPOPE.

 To Ke@drorwo 2 meprypdpel avalvTiké TO TEWPOUATIKO UEPOC TNG EPYUCING, OVOADOVTIOG TIG
HeBOO0VG TOPACKELNG TOV VAKAOV, TIC TEXVIKEG YOPOKTNPIGUOL KOOMG KOl TIG KOTOUAVTIKES
avTIOPACELS TOL PEAETHOMKAY.

 To Keparowo 3 mopovoialel m odvOeon, To YopaKITPIGUO Kol THV KOTAALTIKY 0E0A0YNoN
piktov ofewwiov CeO2/TiO2 kot CeO02/ZnO ®g mpog TV eMTEAECT NG OVTIOPOONS TNG
o&eidmong tov CO. Avorvtikdtepa, depevviOnke n enidpacn g HeBOOOV TOPACKELNG TV

piktov  ofewdiov Ce02/TiO2 o100 ELGIKOYNMIKG  YOPOKTNPIOTIKG KOU OTNV  KOTOHALTIKN
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OpacTIKOTNTA TOVG. TEooEPIS SOPOPETIKEG HEBOOOL TOPUCKELNG YPNOIULOTOMONKAY Yoo TN
ovvBeon CeOo/TiO2: vopobepukn pnEB0dOG evog Kot dvo otadimv, 1 katafvdion kot n néEBodoC
Stober. Meta&d avtdv, 0 KOTOADTNG TOV TOPACKELASTNKE L T péBodo Stober mapovciace
BEATIOT) KATOAVTIKY OpaCTIKOTNTA M omoio pmopel vo omodobel otn PeAtiopévn avayoytkn
IKOVOTNTO TOV.
EmnAéov, moapackevdotnrov pktd ofeida CeO2/ZnO kol diepevvibnke mn emidpacrn TOv
popeTIKod 10606100 ZnO OTIG PUOIKOYNUKEG WOLOTNTES KOl GTNV KATOAVTIKY OpOCTIKOTNTO
TOVG. XPNOWOTOIMVTAG TNV vOpobepurikn HEB0JO, MOPACKELACTNKE o GEPA amd kabopd
o&eidta CeO2 kar ZnO, kabmg ko puktd o&eidta CeO2/Zn0O pe S10QOPETIKEG OTOUIKES OVOAOYIES
Zn/Ce (0.2, 0.4, 0.6). To KataAvtiKd omoteAécpaTa delyvouy BEATIOUEVT ATOOO0N TOV UIKTMOV
oewilwv oe obvykplon pe 10 KaBopd VTOGTPAOUATE, OTOKOAVTTOVIONG OTIS GULVEPYIOTIKEG
aAniemdpdoeig petacy CeOr kot ZnO.
To amoteAéopata Tov KEPAANIOL 0VTOV dNUOGIEVTNKAV GTO AKOAOVON EMGTILOVIKE TEPLOOKAL:
v' Sofia Stefa, Maria Lykaki, Dimitrios Fragkoulis, Vasileios Binas, Vassilis N.
Stathopoulos, and Michalis Konsolakis, "Effect of the Preparation Method on the
Physicochemical Properties and the CO Oxidation Performance of Nanostructured
Ce02/Ti02 Oxides", Processes 8 (2020) 847. doi: 10.3390/pr8070847
v 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. doi: 10.3390/app10217605
To Kepdararo 4 mapovsialel v emidpacn tng UONG TG EVEPYOVS PAGNS OTIG PUGIKOYNIUIKES
010TNTEC KOl OTNV KATOALTIKT) GUUTEPLPOPE, KOTd TNV aviidpacn vdpoydvmong tov CO», og
KATOAVTEG LETAAA®V PETATTOONG VITOSTNPLYUEVOLS ot dnuntpia, M/CeO2 (M: Ti, V, Cr, Mn,
Fe, Co, Ni, Cu). Bpébnke o6tt n petatponn tov CO2 akorovBel v e&ng oepd: Ni/CeO2 >
Co/Ce0O; > Cu/CeO; > Fe/CeO; > CeOz > Cr/CeO2 > Mn/CeO; > Ti/CeO; > V/CeO,. Eni m
Bdon TV amoTEAEGUATOV EKAEKTIKOTNTOS, SOmIoTdONKE OTL 01 KataAvTteg Kabapng onuntpiog,
Cu/CeO, Fe/CeO,, Cr/CeO2, Mn/CeO2, Ti/CeO2 xar V/CeO: eivor eklextikol g mpog tnv
napaywyn CO, evod ot katadvteg Co/CeO2 kot Ni/CeO:2 eivor 1d10itepa EKAEKTIKOL G TPOG TO
peddvio (CHa).
Y10 Kepdaharo 4 diveton upaon oto poAo tov peyéhovg tov copatidiov Ni oty avtidpaon
vopoydvoong CO; tov katoivtdv Ni/CeOrz-nanorods. EminAéov, oto Kepdraro 4, diepevvridnke
TO QOVOUEVO TNG TpomOnomg e xpnon ZnO pe v mopackevy] KTOV 0&ewinv Ce02/ZnO wg
eopeic ¢ evepyng edaong Ni. Ze avtiBeon pe v Kotaivtikn dpdon tov Ni/CeOz, o1 KoTtaAvTteg
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Ni/ZnO ka1 Ni/Ce02-ZnO egivar ekdektikol g mpog v mopaywyn CO, xatactéAlovioag o€
peydro Badbud m pebavimon tov CO,, amokaidmTovTag T0 pOAO TOL TPowONTH ZnO m¢ TPOg TOV
KaBOPIoUO TOV UNYAVIGHOD TNG avTIOpaoTS.
Ta amoteAéopata Tov KEPAANIOL OVTOV dNUOGLIEVTNKOV GTO AKOAOVON EMIGTILOVIKA TEPLOOKAL:
v' 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
v" 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 CeO2 nanorods for low-temperature CO> hydrogenation to
methane", Catalysis Communications 142 (2020) 106036. doi:
10.1016/j.catcom.2020.106036
v Georgios Varvoutis, Maria Lykaki, Sofia Stefa, Vassilios Binas, George E. Marnellos, and
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. doi:
10.1016/j.apcatb.2021.120401
v Georgios Varvoutis, Stamatia A. Karakoulia, Maria Lykaki, Sofia Stefa, Vassilios Binas,
George E. Marnellos, and Michalis Konsolakis, "Support-induced modifications on the
CO: hydrogenation performance of Ni/CeOz: The effect of ZnO doping on CeO:
nanorods", Journal of CO, Utilization 61 (2022) 102057. doi: 10.1016/j.jcou.2022.102057
% To Kegaharo 5 neprypdoet tn cOVOeST, TO YOPAKTNPIGUO KOL TNV KATAAVTIKY OPAGTIKOTITA TOV
ypaprtikov wvitpwdiov tov GvBpoka (g-C3N4) katd tnv emtédleon g oviidpaons g
(OTOKOTOAVTIKNG OAOTACNG 0PIV KOL VYPOV POT®V. ZVYKEKPYLEVO, CE TPAOTN (AoM
TPOYLOTOTOWONKE Ol CLYKPITIKY HEAET] ®OC TPOG TIG QLOIKOYNUIKES 1010TNTEC Kol TNV
wavotnTa Tpospoenong ™ bulk soung g-C3Na kot twv vavo-euAlwv g-C3N4. Ta aroteAéopata
AmoKAAVY AV EEAPETIKA PEATIOUEVO PUOTKOYNUKE YOPAKTNPIGTIKA Y10l TOL VOVO-QUAAG OAAG Kot
BeAtiopévn mpospoentikn kavdtta e cvykpion pe v bulk doun g-C3Ns. EmmpocBétwg, n
bulk doun g-C3N4 ko to vavo-eOAA®mv g-C3Nis a&lohoyndnkov o¢ mpog T QOTOKATOAVTIKN
dlomacn aéplwvV Kol VYpav pOm@vV, Kot To vovo-eOAAe g-C3Na emédeiov  eSoupetikn
(OTOKOTAAVTIKY amdO00.

Ta amoteréopata Tov KEPAANIOL CVTOV dNUOGLEVTNKOV GTO AKOAOVON EMIGTILOVIKA TEPLOOKAL:
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Chapter 1

Rational design & development of nanostructured non-precious metal
catalysts

Chapter 1 focuses on

. ) Highly Active
providing recent advances in Catalists ‘
the rational design of non- ) QET’
precious metal oxides (MOs) @

catalysts, exemplified mainly

by ceria- or carbon-based

| » Non-noble metals

oxides. This includes a | * Fine tuning
comprehensive optimization

framework aimed at

. . . * Metal-free

improving non-precious

| e Structural modification

metal oxide sites and their
environment through tailored
synthetic routes and promotion/modification pathways. Initially, the basic principles of size, shape,
and electronic engineering are discussed. Evidently, fine-tuning has the potential to profoundly affect
both the intrinsic reactivity of metal sites and the interfacial activity between metal and support.
This, in turn, offers a path to develop materials of excellent activity and stability for practical
applications in the field of energy and environment. Subsequently, the main implications of these
adjustments in catalysis will be exemplified based on their energy catalytic applications, including
CO oxidation and CO2 hydrogenation reactions, as well as their environmental catalytic applications,

such as photocatalysis.



Introduction

Catalysis has gained significant and sustained attention from both the academic and industrial
communities due to its vital role in numerous energy and environmental processes. These processes
include a wide range of applications, such as the production of value-added fuels and chemicals,
hydrocarbon processing, fuel cell technology, photocatalytic degradation, and the abatement of
hazardous substances, among others. One of the primary research areas focused on the field of
catalysis i1s centered around the development of cost-efficient catalysts with enhanced activity and
durability. This pursuit forms a crucial pillar of catalysis research, aiming to find solutions that not
only improve the efficiency of catalytic processes but also increase their longevity and effectiveness
1-8

Noble metals (NMs) play a crucial role in catalysis, enabling chemical bond activation and
formation. However, their limited availability and high cost pose significant challenges. Therefore,
current research aims to develop catalysts that combine low cost with high activity '"+68710,
Consequently, research interest has been directed toward exploring the feasibility of enhancing the
surface chemistry of earth-abundant yet relatively inactive materials to achieve performance similar
to or even superior to that of noble metals (NMs). Encouragingly, recent advancements in nano-
synthesis, surface/interface functionalization, and catalyst promotion support this possibility 113,
Metal oxides, composed of earth-abundant transition metals (TMs), have gained significant interest
as potential replacements for rare and costly NMs due to their unique characteristics, including
enhanced redox properties and thermal stability >*31%14 Notably, the combination of different metal
oxides (MOs) in precise proportions can yield mixed metal oxides (MMOs) with distinctive
physicochemical properties, primarily attributed to interfacial phenomena. Transition metals based
on MOs have received particular attention, owing to the special chemisorption ability of TMs, related
to their partially filled d-shells '>!3. Furthermore, certain reducible oxides (e.g., CeO2, ZnO, and
TiO2) can serve as supporting carriers for TMs, leading to beneficial effects on intrinsic activity
through unique metal-support interactions >,

Among various metal oxides (MOs), cerium oxide or ceria has emerged as a highly intriguing
material for heterogeneous catalysis, primarily due to its exceptional redox properties resulting from
the high oxygen mobility and rapid redox interplay between Ce** and Ce** 1469-11.16.20 Beyond these
physicochemical advantages, ceria possesses a distinct economic advantage compared to other MOs
like ZrO>, ZnO, SiO2, and TiO, making it a cost-effective choice for catalytic applications 2'.

Moreover, the base middle—late 3d transition metals, such as Cu, and Ni, exhibit significantly lower

costs, by about 3 to 4 orders of magnitude, compared to noble metals (NMs), further enhancing the



appeal of developing ceria-based transition metal catalysts from a financial perspective. The
combination of reducible oxides, such as CeO,, with various transition metals (e.g., Fe, Co, Ni, Cu)
opens possibilities for novel catalyst formulations with exceptional properties, arising from
multifaceted electronic and geometric interactions among the different components '>~1%?2, Recent
experimental and theoretical studies have extensively explored various interconnected phenomena at
the metal-support interface, which significantly impact catalytic activity '®?>°. These phenomena

include the following:

e Electronic perturbations linked to bonding interactions between TMs and ceria nanoparticles.
e Facilitation of oxygen vacancies' formation resulting in enhanced reducibility and oxygen
exchange kinetics.

e The high intrinsic activity of interfacial sites.

The significant progress made in cutting-edge characterization techniques has shed light on the
individual characteristics of catalyst counterparts, leading to a deeper understanding of their impact
not only on their activity but also on the interactions between them, with profound implications for
catalysis. Consequently, researchers have focused on adjusting the geometrical and electronic
features of different catalyst components through well-designed synthetic and promotional
approaches, resulting in the development of highly active materials 1131624 Specifically, the surface

chemistry of catalysts and their catalytic activity can be fine-tuned through the following strategies:

(a) Advanced synthetic methods: Innovative approaches have been employed to develop
nanomaterials with specific morphology, enabling precise control over their catalytic properties.

(b) Adjustment of inherent properties: The characteristics of catalysts can be appropriately modified
through surface and/or structural promotion, enhancing their catalytic performance.

(¢) Modification of metal-support interactions: Promoting and reducing agents, such as graphitic
carbon nitride (g-C3Ns), have been utilized to modify metal-support interactions, further
enhancing the catalytic activity.

Another promising category of low-cost catalysts involves carbon-based materials, which can serve
as catalysts themselves or as catalyst supports 2°2%. These carbon-based materials offer a range of
advantages for catalytic applications, including high chemical stability, low corrosion capability, high
thermal stability, hydrophobic character, and easy recovery from the reaction mixture 22>, Notably,
certain carbon materials excel in industrial applications as adsorbents and are particularly valuable in
fine chemical production, where their unique properties enable precise and selective catalysis >°.

The catalytic activities of carbon materials are intricately linked to their defects, structures, and

surface chemistry. Notably, carbon nanotubes (CNTs) and graphene, when incorporating defect sites

3



within their sp?>-bonded network, possess well-defined and controlled defects with essential catalytic
functionalities and surface properties. Additionally, porous carbons characterized by large pores and
high surface areas facilitate efficient mass transfer, allowing for a higher concentration of active sites
per unit mass of carbon materials 2°. Moreover, graphitic carbon nitride (g-C3N4), a novel carbon
counterpart, has gained increasing attention in sustainable environment and energy applications *°.
Thanks to its excellent thermal and chemical stability and tunable electronic structure, g-C3Ns has
found utility in various areas, including artificial photosynthesis, electrochemical oxygen reduction
reaction (ORR), and base catalysis 272831,

Carbons serve as heterogeneous catalysts, offering flexibility in tailoring their physical properties,
such as surface area and porosity, and chemical properties, including surface functional groups. The
ongoing research focuses on developing synthesis methods that enable precise control over their
surface chemistry and nanostructure, which is crucial for tailoring their catalytic performance. A
comprehensive understanding of the reaction mechanisms involved in selective catalytic reactions,
such as catalytic oxidation, hydrogenation, and dehydrogenation, plays a pivotal role in advancing
chemical processes and catalyst design "%,

It has become increasingly evident that by carefully adjusting the synthesis and modification
parameters, highly active composites can be obtained with a comparable or even superior
performance compared to composites based on noble metals (NMs). In this chapter, our focus is on
providing a comprehensive and in-depth understanding of the key factors, including preparation
methods, size, morphology, and the nature of the metal phase, that significantly influence the
physicochemical characteristics and catalytic performance of bare CeOa, graphitic carbon nitride (g-
C3Ny4), and their respective TMs/composites. Finally, the implications of these catalysts will be

exemplified based on their energy -catalytic applications, including CO oxidation and CO:

hydrogenation reactions, as well as their environmental catalytic applications, such as photocatalysis.

1.1.  Nano-structured CeOz-based materials

Cerium dioxide, commonly known as "ceria," has firmly established its role as one of the most
promising materials for environment and energy, due to its exceptional redox properties driven by the
high oxygen mobility and the rapid redox interplay between Ce** and Ce*". Up to now, ceria and

ceria-based catalysts have been demonstrated to show great improvement of catalytic activity in

32-34 35,36

various catalytic reactions (Figure 1.1), such as CO oxidation , reforming reactions , soot
combustion 37, water-gas shift reaction “°**, NO reduction ***° CO, conversion *’, solid-oxide

fuel cells *®, and photocatalytic degradation *°.



CO, conversion

| CO oxidation

Reforming
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Photocatalytic

NO reduction CO, reduction

Solid-oxide
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Figure 1.1. Main catalytic applications of CeO:-based catalysts.

1.1.1. Structure of CeO

Cerium (IV) oxide, more commonly known as ceria (CeO3), typically assumes the fluorite phase,
exhibiting a face-centered cubic lattice (fcc) structure. Each cerium cation finds coordination with
eight oxygen anions. The electronic configuration of cerium makes it prone to reversible charge
transfer between the Ce*" and Ce®" stages, as depicted in Figure 1.2 (a) °*'. As a result, the
formation of Ce*" cations is usually accompanied by the presence of oxygen vacancies on the surface
and in the bulk (Figure 1.2 (b)) *°. The oxygen vacancy defects and Ce*" ions in ceria (designated as
Ce0»—) significantly enhance oxygen gas adsorption and activation, as well as oxygen self-diffusion
within the lattice of non-stoichiometric ceria. This phenomenon plays a pivotal role in enhancing the
efficiency of the redox process and catalytic reactions. The creation of oxygen vacancies can be
finely tuned through several factors, including thermal-treatment temperature and oxygen partial
pressure, doping elements and content, synthesis methods, surface stress, and electrical field. On the
basis of such unique surface properties of CeO,, researchers have explored and developed a series of

cerium-based oxide catalysts.
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Figure 1.2. (a) Ideal crystal structure of CeOz; (b) Crystal structure of CeO: in the presence of one
oxygen vacancy accompanied by two generated Ce*” species. Adapted from Reference *°.

1.1.2. Synthesis of Cerium-based oxides

The performance of a catalyst is notably influenced by the specific synthesis or preparation methods
employed . Supported catalysts are typically prepared by loading the active metal component onto
a carrier, employing either physical or chemical techniques. This strategic coupling allows the
support to provide an effective surface and appropriate pore structure, facilitating the uniform
dispersion of active components, and thereby enhancing the utilization rate of metal active
components and the catalyst stability 3. Furthermore, the support can occasionally yield additional
active sites, leading to an overflow or potent interactions with the metal active components >.

In light of the aforementioned considerations, various strategies have emerged for developing highly
dispersed supported metal catalysts, such as hydrothermal, impregnation, precipitation, and sol-gel
(Figure 1.3). The hydrothermal and solvothermal method finds application in fabricating
nanomaterials, offering advantages such as well-developed grains, small particle sizes, uniform
distribution, and light particle agglomeration °*. The impregnation method stands out as an
economical and straightforward technique extensively employed in supported catalyst preparation.
During impregnation, ultrasonic treatment can be employed to enhance modification effects, with the
subsequent impregnated product being subject to pyrolysis to generate the desired catalyst 5. The co-
precipitation method involves the addition of a precipitant (typically NH3-H>O) to a solution
containing soluble cerium and other metal salts. After several cycles of precipitation, washing,
separation, drying, and subsequent calcination, nanoparticles are obtained *°. However, due to the
inherent variability in precipitation times, the resulting product particle sizes might exhibit non-
uniformity. The sol-gel method offers a means of achieving homogeneous mixing between reactants.
Its chemical process involves dispersing cerium and other metal salts within a solvent, followed by

hydrolysis reactions that yield active monomers. These monomers polymerize to form a sol, which



then transforms into a gel with a distinct spatial structure. Ultimately, nanoparticles are generated

through drying and heat treatment of the gel °’.

‘ Heterogeneous non-
| noble metal catalysts

Figure 1.3. Illustration for S};nthetic methods and structural characteristics of heterogeneous non-
noble metal catalysts.

1.1.3. Fine-tuning of Cerium-based oxides

Heterogeneous catalysis is a fundamental process where chemical reactions occur on the surface of a
solid catalyst. This intricate phenomenon involves the adsorption and activation of reactants at
specific active sites, the chemical transformation of adsorbed species, and product desorption. With
advancements in both in-situ and ex-situ characterization techniques, it has become clear that the
elementary steps of these reactions are intricately linked to various parameters. These parameters
include factors such as particle size, shape, and electronic configuration, along with the interfacial
interactions between these particles. Moreover, it has become clear that the behavior of these
macroscopic catalytic systems emerges from interactions between reactants, intermediates, and
products, and the finely tuned micro- and nanoscale environment of surface atoms, involving
geometric arrangements, electronic confinement, and interfacial effects, among others. By
manipulating these parameters, it becomes possible to finely tune the local surface structure and
chemistry, yielding profound effects on catalytic performance. However, the interplay between
structural and chemical influences poses a significant challenge in unraveling the fundamental
origins of catalytic performance. Thus, it becomes paramount to establish reliable structure-property
relationships, unveiling the distinctive role of each contributing factor. Such insights hold the
potential to pave the way for a rational design approach, replacing the traditional trial-and-error

methods by utilizing the fundamental knowledge at the nanoscale.



Supported catalysts are comprised of three pivotal components: metal particles, the supporting
material, and their interface which provide many advantages for fine-tuning the geometric/electronic
structure. Beyond the intrinsic properties of metal elements, the nano-effect of particles, and the
interface effect exert substantial impacts on catalytic performance. Therefore, the composition of
elements, geometry morphology, and surface/interface structure can be finely adjusted. This strategic
manipulation involves modulating doping elements, particle sizes, and supporting materials,
facilitating the development of high-performance supported catalysts.

Size and Shape Effect. The shape and size of metal particles play a vital role in determining the
catalytic performance of supported catalysts. Fine-tuning these factors offers a pathway to
uncovering the structure—property relationship >*°°. When metal nanoparticles are loaded on support,
they don't adopt perfect spherical shapes but form irregular polyhedrons with platforms, edges,
corners, kinks, and perimeters °°. This variation in atomic coordination at these spots leads to diverse
adsorption strengths and configurations for reactants with distinct crystal planes exhibiting varied
catalytic properties in most cases. However, regulating the morphology of these particles remains
challenging due to current synthesis methods. As a result, the research focus has shifted to particle
size, which is easier to control with precision. Manipulating particle size has a profound impact on
catalytic performance by altering the geometric and electronic structure °!. Investigations into the
surface state have confirmed that the size domains of nanoparticles influence the exposed crystal
planes and corresponding ratios of surface sites.

Reducing particle size (metal nanoparticles, metal clusters, and single-atom catalysts) prompts an
increase in specific surface area. This optimizes contact between active components and reactants,
consequently enhancing catalytic efficiency 2. Surface atoms, under this scenario, exhibit higher
coordination unsaturation, leading to an abundance of unsaturated coordination centers and a sharp
rise in surface free energy. This not only transforms the catalyst's chemical properties but can also
induce variations in the metal phase's lattice structure. As the nanoparticle/clusters' diameter
decreases to a certain extent, the electron energy level close to the Fermi energy level splits into
discrete energy levels, causing the quantization of strong electron energy %. This phenomenon,
coupled with quantum confinement effects, results in particle isomerization. Furthermore, when
particle size approaches or becomes smaller than the wavelength of de Broglie waves of conducting
electrons, the periodic boundary conditions of nanomaterials are disrupted, leading to a notable
reduction in surface electron density. This distinctive behavior underscores why the chemical and
catalytic properties of nanomaterials deviate from those of conventional particles.

Nanostructured catalysts exhibit unique properties derived from nanoscale phenomena, mainly size

effects as mentioned earlier, as well as shape effects. The latter encompasses altering catalytic
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activity by exposing specific crystallographic facets in the reaction environment, a concept known as
morphology-dependent nanocatalysis *4 . More specifically, the efficiency of the catalytic cycle
and, consequently, the reaction efficiency, which depends on reactant adsorption/activation and
product desorption processes, is heavily influenced by the surface planes of catalyst particles. In this
context, the simultaneous manipulation of size and shape at the nanometer scale can determine the
quantity and characteristics of exposed sites, thus influencing catalytic performance. This subject is a
crucial issue in the realm of nanocatalysis, aiming to precisely steer specific chemical reactions by
fine-tuning these parameters at the nanometer scale.

Thanks to recent advances in materials science, nanostructured catalysts with well-defined crystal
facets can be fabricated by precisely controlling nanocrystal nucleation and growth rate %, The
resulting crystal shapes emerge as a consequence of various synthesis factors, including temperature,
pressure, concentration, and pH, among others. Numerous comprehensive reviews have delved into

this subject 106871

. Through these methods, diverse structures like nanospheres, nanocubes,
nanowires, nanorods, and nanosheets can be synthesized with similar or different dimensions in all
directions. Among metal oxides employed in heterogeneous catalysis, ceria has been subjected to
extensive size and shape control investigations 1%,

Promoter effect. In addition to the modulation of local surface structures of MOs through size and
shape effects, as previously discussed, the precise adjustment of electronic structures using suitable
promoters presents an extra tool for modulation. Promoters play a pivotal role in heterogeneous
catalysis, enabling the optimization of catalytic activity, selectivity, and stability by modifying the
physicochemical properties of MOs. These promoters can be categorized into two main groups:
structural promoters and electronic promoters. Structural promoters primarily involve the doping of
supporting carriers to enhance their structural features, thereby stabilizing active phases. An example
is the incorporation of rare earth dopants into three-way catalysts to enhance their characteristics®. In
contrast, electronic promoters can bring about changes in catalyst surface chemistry either directly or
indirectly. Directly, electrostatic interactions occur between reactant molecules and the local electric
field generated by promoters. Indirectly, electronic promoters induce alterations in the metal Fermi
level, impacting the chemisorption strength of reactants and intermediates, thereby significantly
influencing catalysis. Particularly, the "promoter effect" is closely linked to modifications in the
work function (®) of the catalyst surface following the introduction of a promoter. This adjustment is
accompanied by a substantial modification of the catalyst's chemisorption properties. Alkali

modifiers, primarily, drive electronic promotion over metal oxide catalysts. Numerous studies have

shown that the addition of alkali can drastically enhance the activity and selectivity of various



catalytic systems, involving among others Pt-, Pd-, Rh-, Cu-, and Fe-based catalysts, applied in
diverse energy and environmental-related reactions *’>76.

In addition to the extensive use of alkalis and alkaline earths as promoters a plethora of other
chemical substances can be employed to finely adjust the local surface chemistry and structure. This
modulation consequently enhances the catalytic activity, selectivity, and long-term stability of the
parent catalyst ’’. For instance, metal alloys, such as Au-Ni alloys employed as reforming catalysts ’®
and Pt-Sn alloys for ethanol oxidation ", play a pivotal role in catalytic applications, achieving
highly active and cost-effective catalytic formulations. The enhanced performance of bimetallic
systems can be attributed to multiple mechanisms, involving structural factors (strain effects) and
electronic factors (charge-transfer effects), which emerge due to interactions between the distinct
components. The latter facet significantly alters the binding energy of adsorbates and the path of
chemical reactions, leading to profound implications in catalytic processes .

Likewise, chemical compounds with distinctive physicochemical characteristics, such as carbon-
based materials, have recently gained notable interest as modifiers or supportive carriers *>%!. Among
these, various carbon materials including carbon nanotubes (CNTs), reduced graphene oxide (rGO),
ordered mesoporous carbon (OMC), carbon nanofibers (CNFs), and graphitic carbon nitride (g-
C3Ny), have emerged as focal points in catalysis due to substantial advancements in controlled
synthesis and a deeper comprehension of their properties. In general, nanocarbons (NCs) possess
exceptional physical properties such as large surface area, specific morphology, and appropriate pore
structure. Additionally, they exhibit notable chemical properties linked to their electronic structure
and surface acidity/basicity. These distinctive traits are a direct result of their confined nanoscale

structures 3.

1.1.4. Applications of Cerium-based Oxides in Heterogeneous Catalysis

In this section, the implications of the aforementioned fine-tuning engineering strategies in catalysis
are shortly presented, on the basis of ceria-based transition metals. Specifically, it delves into the
effect of size, shape, and electronic/chemical characteristics on the catalytic performance of
TMs/CeO; oxides. These effects are elucidated through indicative oxidation and reduction reactions,
such as CO oxidation and CO; hydrogenation to value-added products, which are also explored in

the frame of the present thesis.
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1.1.4.1.  CO Oxidation

CO oxidation reaction has been extensively studied in the field of heterogeneous catalysis due to its
significant relevance to various energy and environmental processes such as the control of exhaust
emissions from mobile and stationary sources, and fuel cell applications. Additionally, CO oxidation
is commonly used as a model reaction to disclose structure—performance relationships. Ceria-based

transition metal oxides have received considerable attention in CO oxidation studies due to their

64 9,11,21,82,83

distinctive redox properties and the peculiar metal—ceria synergistic interactions
However, as previously mentioned, the distinct characteristics of both the active phase and ceria
carrier (e.g., particle's size and shape) can exert a major impact on the redox properties, as well as the
metal-support interactions, which can be consequently reflected on the catalytic activity.

In view of the above, numerous studies have investigated the impact of ceria shape (nanocubes,
nanorods, and nanopolyhedra) on the CO oxidation activity of various transition metals supported on
ceria nanoparticles #3421, Zhou et al. °* initially investigated the CO oxidation performance of CeO>
with different morphologies. They compared the catalytic activity of CeO2 nanorods and irregular
nanoparticles and found that the nanorods exposing {100} and {110} facets exhibited notable CO
oxidation activity. This research established the correlation between the shape of CeO; and CO
oxidation and paved the way for further studies on CO oxidation with different facets and
morphologies of CeO, %38, Tana et al. ** found that CeO, nanowires and nanorods, which expose
active {110} and {100} facets, exhibited superior CO oxidation activity compared to nanoparticles
featuring a stable {111} facet. Generally, the order of CO oxidation activity for distinct CeO2
morphologies follows: nanorods > nanocubes > nanopolyhedrons. Moreover, the turnover frequency
(TOF) for CO oxidation is the most pronounced on the {110} facets, followed by the {100} and
{111} facets **. The high activity of the {110} and {100} facets is due to their low oxygen vacancy
formation energy, a reduced surface oxygen coordination number, and an abundance of defect sites
649596 These characteristics facilitate the generation of reactive oxygen species on the {110} and
{100} facets even at low temperatures %, thereby promoting CO oxidation at such conditions.

When different metals are loaded onto CeO,, the interaction between the metal and support can fine-
tune the electronic structure of the metal-support interface. This adjustment facilitates the dispersion
of metal particles on the CeO> surface, a phenomenon strongly influenced by the nature of the CeO>
carrier, including its morphology and exposed facets °’%®. The interaction between Cu and CeO> is
particularly strong, resulting in high dispersion of Cu on the CeO> support and consequently,

improved CO oxidation activity in Cu/CeQ, catalysts. Lykaki et al. 34

synthesized various CeO:
morphologies, such as nanorods, nanocubes, and nanopolyhedrons, as carriers for the Cu phase.

Among these, the Cu/CeO, nanorod with {100} and {110} reactive planes displayed the most
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favorable CO oxidation activity. This result was attributed to the presence of weakly bonded oxygen
species on the CeO; nanorod, enhancing catalyst reducibility and oxygen mobility. The strong
interaction between CuOx species and the CeO, nanorod supports stabilized Cu” species, facilitating
CO adsorption. Moreover, defects and oxygen vacancies on the CeO> nanorod surface contributed to
the enhanced CO oxidation performance. Mock et al. ® prepared the transition metals (Mn, Fe, Co,
Ni, Cu) on CeO> nanorods that mainly exposed {111} facets. Among them, the Cu/CeO> catalyst
exhibited the best CO oxidation activity. This good catalytic activity is mainly caused by the
relatively rough {111} facets of CeO2 nanorods, which contain a large number of defects and are
more favorable for the adsorption of reaction gases, as well as the strong interaction between CuO
and CeO:.

Additionally, the incorporation of transition metals into CeO; results in a reduction of the activation
energy required for oxygen release. This process also induces the formation of defects or oxygen
vacancies on the catalyst's surface. Additionally, it increases the ratio of Ce**/Ce*" within the ceria
lattice, thereby enhancing the catalyst's redox capacity. These modifications exert a significant
influence on the catalytic reaction °>%°. Both theoretical and experimental results support the idea
that transition metal oxides and transition metal-doped oxides exhibit remarkable CO oxidation
activity 1% Transition metals such as Cu, Co, and Fe have been introduced as dopants in CeO»,
resulting in improved catalytic performance. Park et al. °! found that Cu-doped CeO; exhibited better
catalytic activity than Ni- or Co-doped CeO,. Through characterization, they believed that the
particle size and specific surface area were not the factors determining the catalytic activity. Wang et
al. 8 synthesized a Co304—CeO; catalyst. DFT calculation showed that the charge transfer between
Co0304 and CeO: through the interface changed the adsorption behavior of CO on the catalyst,
weakened the O—O bond, and activated molecular oxygen. These conditions promoted the catalytic

activity. Lee et al. ®

pointed out that the introduction of lower valence Mn and different oxidation
states can enhance the reactivity of CeO2 and promote the migration of oxygen atoms to the active
site of the Mn—O bond through the CeO, lattice, thus playing the role of oxygen storage. Sahoo et al.
8 prepared 3% and 6% Fe-doped CeO: samples by microwave-assisted combustion. They found that
with the increasing of the Fe content, the specific surface area of Fe-doped CeO; decreased, but
exhibited better catalytic activity than the CeO> alone, among which 3% Fe-doped CeO> was the

best, which is because the Fe doping increased the defect sites on the catalyst surface.

1.1.4.2.  CO: Hydrogenation
The unprecedented increase in atmospheric CO; levels, mainly due to human activities focused on

fossil fuel combustion, has resulted in significant environmental impacts. Among various strategies
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for mitigation, the conversion of carbon dioxide into value-added products using "green" hydrogen
has gained considerable attention '"17'% This process, known as CO» hydrogenation, has the
potential to yield a wide range of chemical compounds, including methane, carbon monoxide, and
methanol, as well as various hydrocarbons and oxygenates '°195106 This particular approach can
efficiently utilize both CO; emissions and "green" hydrogen, derived by the surplus power from non-
intermittent Renewable Energy Sources (RES), providing, among others, CH4 or CO through the
reverse water—gas shift (rtWGS) reaction (Eq. (1)) and Sabatier reaction (Eq. (2)), respectively:

CO, + 4H, » CH, + 2H,0, AHyogx = —164.7 kJ/mol (1)
CO, + H, - CO + H,0, AH,ogx = +41.3 kJ/mol 2)

While noble metal catalysts, such as Rh and Ru exhibit satisfactory hydrogenation activity, their
scarcity and high cost are obstacles to wide applications '®’"!'°. Given this context, the research
interest has focused on the rational design of NMs-free catalyst formulations. Particular emphasis
was given to transition metals (e.g., Cu, Ni, Co, and Fe), due to their ability to chemisorb and
consequently activate the CO, molecule ">, Furthermore, cerium oxide was selected as the
supporting carrier due to its exceptional redox/basic characteristics, in conjunction with the
synergistic interactions that can be developed between TMs and CeO>. In line with the
aforementioned fine-tuning aspects, the fine-tuning of the metal-support interface could lead to
highly active and selective catalysts.

The effect of different morphology of CeOz support on the activity of CeOz-based catalysts for CO2
hydrogenation has been studied extensively due to the highly tunable crystal texture 3116, Dy et al.
7 conducted a comparative investigation between a commercially nano-CeO, (Aladdin, 20 nm,
99.5% metals basis)-supported Ni catalyst (~60%) and Ni/CeOz-nanoplates (Ni/CeO.-P). The latter
demonstrated notably higher CO> conversion of 73% at 260 °C. This study indicated that the
difference in catalytic activity between Ni/CeO> and Ni/CeO,-P was ascribed to the different shapes
of the CeO, supports. Furthermore, Bian et al. ''® deposited Ni particles onto two distinct CeO,
supports with varying shapes (nanorod and nanocube, referred to as NR and NC). These samples
were then assessed for low-temperature methanation activity. Across the temperature range of 200—
250 °C, Ni/CeO2-NR consistently exhibited higher CO, conversion than Ni/CeO>-NC. The increased
activity was attributed to a greater concentration of oxygen vacancies resulting from the CeO>-NR
structure. This variation in oxygen vacancy concentration directly impacted the formation of a

crucial intermediate (formate).
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Beyond tailoring specific morphologies, enhancing the structure of CeO»-based catalysts represents
another approach to improving the catalyst’s nature and activity. The support's structure not only
influences the dispersion of the active metal but also profoundly alters the catalyst's reducibility and
basicity 12, Yang et al. '?! conducted a study involving Fe/CeO»-ALOs catalysts, exploring the
impact of selected transition metal promoters such as Cu, Ni, and Mo. Their findings showed
substantially improved performance by both Ni and Cu in the monometallic Fe-catalyst. Moreover,
these promoters exhibited distinct effects on selectivity. Specifically, while FeNi/CeO2-Al,03
favored CO> methanation, FeCu/Ce0O2-Al>O; exhibited full selectivity towards CO. Consequently,
Cu-doped catalysts emerge as the preferred candidates for this reaction within the tested conditions.
Furthermore, Varvoutis et al. '?* conducted the synthesis of CuO/CeO, composites through alkali
promotion, exploring the impact of cesium doping (0-4 Cs atoms per nm?). The results highlighted
that the incorporation of cesium acted as an inhibitor for CO; conversion, while simultaneously
demonstrating a favorable influence on CO selectivity. Notably, the sample loaded with 2 Cs atoms
per nm? exhibited equilibrium CO yields around 430 °C. These findings pave the way for the

development of highly active and selective catalysts for the reverse water—gas shift (rtWGS) reaction.

1.2. Metal-free g-C3Ny in Catalysis
The variety of carbon polytypes, including fullerenes, nanotubes, graphite, graphene, nanodiamonds,
and amorphous porous carbon, constitutes a rich class of solid materials characterized by their

environmental friendliness and exceptional reusability 27-*

. Taking advantage of the unique
physicochemical characteristics inherent in carbon-based materials, such as excellent thermal and
chemical stability as well as adjustable surface peculiarities, positions them as versatile candidates
for a plethora of applications ranging from catalysis, adsorption, and separation to electrochemistry
27.293L123 Tn heterogeneous catalytic processes, carbon materials have emerged as catalyst supports
due to their tailored porous architectures and surface reactivity. Their facile reducibility of metal
oxides, resistance to corrosive agents, enduring stability at high temperatures (even above 750 °C),

and low cost underline their appeal *°

. Recognizing that the pursuit of innovative chemical processes
and catalysts is often driven by significant economic benefits, the search for new heterogeneous
catalysts, potentially without or with reduced metal species, has gained much attention.

In recent years, research efforts into developing metal-free catalysts have been devoted to various
carbon-based catalysts. Carbon materials themselves have demonstrated remarkable efficiencies
across various catalytic processes, including chemical catalysis, photocatalysis, and electrocatalysis
27293L123 " The catalytic activities of carbon materials are related to their defects, structures, and

surface chemistry. For example, carbon nanotubes (CNTs) and graphene, which incorporate defect
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sites in their sp>-bonded network, provide precisely controlled defects with the necessary catalytic
functionalities or surface properties. Furthermore, the inclusion of porous carbons with large pores
and high surface areas can facilitate mass transfer, thus allowing an increased concentration of active
sites per unit mass of carbon material %4,

Graphitic carbon nitride materials (g-C3N4) have gained significant attention in recent years due to
their remarkable similarity to graphene. Unlike graphene, g-C3N4 stands out as a medium-band gap
semiconductor with excellent thermal and chemical stability and tunable electronic structure and has
received increasing attention in the areas of sustainable environment and energy (Figure 1.4 (a)) 2>
128 'In the last decade, there has been a remarkable research interest in tailored g-C3Nas-based
catalysts, targeting various applications. As illustrated in Figure 1.4 (b), the prevailing focus of these
investigations mainly revolves around the elucidation of their photocatalytic performance, while it is

worth noting that relatively few efforts have delved into the field of heterogeneous catalysis.
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Figure 1.4. (a) Number of publications in the last decade obtained from a search of the Web of
Science using the keywords "Carbon nitride catalysts for Photocatalysis", and "Carbon nitride
catalysts for Heterogeneous catalysis"; (b) Multiple applications of graphitic carbon nitride.

1.2.1. Structure of g-C3Ny

Graphitic carbon nitride can be formed through the polymerization of low-cost nitrogen-containing
precursors. The first report of a C3Ns polymer dates back to the 1830s. In the following decades,
extensive research efforts were devoted to investigating the impact of various synthetic procedures
on the reactivity and morphology of the resulting product. The intricate geometrical structure of g-
C3N4 includes two main units: tri-s-triazine (C¢N7) and s-triazine (C3N3) rings, as depicted in Figure
1.5 (a) and (b), respectively 2>12°. Notably, tri-s-triazine has emerged as the most stable unit under

ambient conditions '*°. Supporting this observation, density functional theory (DFT) calculations
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focusing on these main units of g-C3Ns4 have also shown that tri-s-triazine is the most stable
thermodynamically '3!. Theoretically, it has been reported that a monolayer sheet of g-C3N4 holds the
potential to exhibit a surface area of up to approximately 2500 m? ¢! 12%132, Moreover, the electronic
structure of g-C3Na4 involves sp? hybridization of carbon and nitrogen atoms, forming a n-conjugated

delocalized system '’
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Figure 1.5. (a) s-Triazine and (b) tri-s-triazine-based structures of g-C3Na; (c) Multiple
functionalities of g-C3Na.

1.2.2. Bulk g-C3N4 & g-C3N4 Nanosheets

g-C3Ny has attracted great research interest in the field of catalytic and environmental remediation
applications, due to its metal-free nature, catalytic, photocatalytic (bandgap energy of 2.7 eV,
excellent visible light absorption), electronic properties, and physiochemical features. Additionally,
g-C3Ny is characterized by excellent thermal (up to 600 °C), chemical (in various solvents), and
mechanical stability. Another major advantage is the facile preparation of g-CsNg4 high yield from
low-cost and earth-abundant nitrogen-rich materials. This makes it feasible for large-scale catalytic
applications 126:12%:133,

Bulk g-CsN4 exhibits a three-dimensional structure similar to graphite. Conventionally, the synthesis
of bulk g-C3N4 involves the pyrolysis of nitrogen-rich precursors such as melamine, dicyandiamide,
thiourea, or urea '**!3%. However, the intrinsic characteristics of bulk g-C3Na, characterized by a band

gap of 2.7 eV, present some limitations, notably low specific surface area due to layer stacking

during polycondensation, limited quantum yield due to limited or absent electronic transitions, and a
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high recombination rate of photogenerated holes and electrons '**!*°. To overcome these challenges,
various strategies have been employed to enhance its physicochemical properties and catalytic
performance. These approaches include the exfoliation of bulk g-C3;N4 into nanosheets, nanotubes,
and quantum dots, the introduction of doping elements into g-C3Na4, and the incorporation of g-C3Ny4

into other materials to create nanocomposites, as depicted in Figure 1.6 (a) !28137:138,140-143,
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Figure 1.6. (a) Common modification methods of g-C3N4 and (b) various exfoliation methods of
bulk g-C3Na.

As previously highlighted, bulk g-C3Ns consists of a layered and planar graphite-like structure.
Nitrogen and carbon atoms are interconnected through covalent bonds, while weak van der Waals
forces of attraction exist between the layers '*°. These layers can be separated into 2D nanosheets
when sufficient energy is introduced to disrupt the van der Waals forces between the g-C3Ny layers
137138 " Therefore, the combination of strong covalent bonds between carbon and nitrogen atoms
along with weak van der Waals forces between the layers in bulk g-CsN4 allows for the potential
exfoliation of these layers !26:137:138.144

Compared with bulk g-C3Ni4, g-C3Ns4 nanosheets possess a 2D sheet structure and abundant

mesoporous structure, making them with promising features in several aspects:

e Larger specific surface area, facilitating the exposure of more active sites for trapping and

activating reactants, and synchronously promoting mass transfer '4°

e Abundant mesoporous structure, leading to multiple scattering effects, greatly enhancing the

light-trapping ability of g-C3Na, thus extending the light absorption range '4°
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e Thinner thickness notably enhances the separation of photon-generated carriers, shortening
their path to the material surface, decreasing their recombination rate, and enhancing their
utilization rate '#.

Thus, g-C3N4 nanosheets demonstrate superior properties compared to bulk g-C3N4. This distinction
is often used to explore the structure-activity relationship between structure and performance.

Various methods have been explored for the separation of bulk g-C3N4 layers, including thermal

143,148-152 156-158

exfoliation chemical exfoliation %3315 [iquid ultrasonic exfoliation chemical
b b b

159,160 161

blowing , and mechanical exfoliation '*', as illustrated in Figure 1.6 (b). However, some
exfoliation processes, such as ultrasonically assisted solutions and chemical etching processes,
require significant time consumption and use corrosive reagents such as hydrochloric acid and
sulfuric acid, thus not following green principles '%°.

Thermal exfoliation exhibits several advantages, including cost-effectiveness, large surface area,
absence of solvents, time efficiency, high efficiency, and introduction of beneficial structural defects
into the resulting nanosheets '**. Specifically, this method involves subjecting the g-C3N4 bulk to
heat, which disrupts the weak van der Waals forces that bind the layers together, leading to their
separation 4162 Ideally, in this thermal process, the hydrogen attached to the tri-s-triazine or s-
triazine units reacts with oxygen, creating a gas that escapes and forms pores within the bulk
material, simultaneously causing sheet formations '®. As a result, the obtained g-C3N4 nanosheets
exhibit high surface area and increased pore volumes, thus increasing the overall porosity.
Challagulla et al. '®* employed both thermal and chemical etching approaches on bulk g-C3N4 to
form nanosheets for photocatalytic nitrobenzene reduction. For the thermal etching, bulk g-C3;N4
underwent exposure to a temperature of 500 °C for 2 h in an air environment. The resulting product
exhibited a surface area of 216.3 m? g'. Dong et al. *® synthesized porous g-C3N4 nanosheets via
direct pyrolysis of thiourea followed by a thermal exfoliation. The g-C3N4 nanosheet samples were
applied for visible light photocatalytic removal of NOx in air. The performance of porous g-C3Ny4
nanosheets was significantly enhanced with increased exfoliation temperature from 450 to 550 °C.
The obtained sample with an exfoliation temperature of 550 °C exhibited the highest surface area of

151 m? g and the best photocatalytic performance. Similarly, Li et al. 14

prepared ultrathin g-C3N4
nanosheets through thermal exfoliation of bulk g-CsNs. Particularly, a series of exfoliated g-C3N4
were synthesized by adjusting the thermal exfoliation temperature and time. This work suggested
that higher exfoliation temperature increased nitrogen vacancies and specific surface area while
prolonged exfoliation time enhanced thermal exfoliation, forming more carbon vacancies and larger

pore volume. Increasing the temperature and time also improved the exfoliation and photocatalytic

ability of the resulting nanosheets.
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1.2.3. Adsorption properties of g-C3N4

Adsorption constitutes a surface phenomenon that occurs between adsorbates and adsorbents. An
effective adsorbent should possess a high specific surface area, optimal surface characteristics, and
good stability to adsorb pollutants quickly and efficiently. These pollutants progressively adsorbed
onto the surface of adsorbents until equilibrium is attained. Depending on the nature of the
interaction between adsorbents and adsorbates, adsorption can be categorized into two types.
Chemisorption involves a chemical reaction between the adsorbate and adsorbent, constituting an
irreversible process. Physisorption, on the other hand, is governed by distinct interactive forces, such

as van der Waals interactions '¢*

and hydrogen bonding !9, manifesting as a reversible process.
Consequently, adsorbents can be easily regenerated for subsequent use. The adsorption process is
influenced by a range of factors, including temperature, contact time, the force between adsorbent
and adsorbate, solution pH, coexisting impurities, concentration, and other pertinent parameters
166,167

Affordability, high efficiency, rapid adsorption rates, and the ability to target multiple pollutants
simultaneously render adsorption a widely adopted and popular technique for pollutant degradation
125.164.167 "Various materials, such as activated carbons ', graphene-based materials '%°, carbon tubes
170 chitosan 7!, clay substances !”?, and layered double hydroxides (LDHs) '73, have been
extensively explored as adsorbents for pollutant removal. Interestingly, modified g-Cs;N4 also

exhibits substantial adsorption capacity. Zhu et al. '7*

investigated three distinct types of g-CsN4
synthesized via the calcination of melamine, thiourea, or urea, each resulting in different
microstructures during the fabrication process. The isoelectric points of these g-CsN4 derivatives
were determined by measuring their zeta potentials, revealing surface charge variations stemming
from functional group interactions. Experimental findings revealed the facile adsorption of
methylene blue (MB) by the prepared samples. Upon analyzing the adsorption kinetics and isotherms
of MB on these samples, the urea-derivative g-C3N4 demonstrated superior adsorption performance.
This research underscores the exceptional adsorption capabilities of g-C3Na, attributed to its cost-
effectiveness, environmental compatibility, high efficiency, and facile synthesis process.
Additionally, Yousefi et al. !> reported that exfoliation in the liquid phase by a combination of
oxidation and sonication allows the preparation of g-C3Ns-based materials with improved
dispersibility in water, increased exposed surface, and abundance of surface functional groups. The
obtained oxidized g-C3Ns adsorbents exhibited high adsorption capacities which were remarkable

towards organic dyes (~70-600 mg/g) and excellent in the case of the antibiotic tetracycline (895

mg/g) in an aqueous solution.
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Various mechanisms governing the adsorption of pollutants onto the g-CsNs surface, including

electrostatic interaction, m-m interaction, and hydrogen bonding !2%176

, are depicted in Figure 1.7.
Among these, electrostatic interaction emerges as the predominant pathway in the adsorption of dyes
onto the g-C3N4 surface. This mechanism occurs when either g-C3Ny4 or its composites, along with
the dye pollutants, have electric charges. In the context of pollutant removal, the nature of
electrostatic interaction depends on the surface charges of the adsorbent and the pollutant. Key
factors shaping this interaction are the pH of the medium and the point of zero charge (pHpzc) of the
materials, significantly influencing their electrification and, consequently, the adsorption process. In
particular, when the pH of the medium exceeds pHpzc, the surface of g-C3Ns adopts a negative
charge, facilitating interactions with positively charged pollutants or cationic dyes. Conversely, if the
pH of the medium drops below the pHpzc, the adsorbent acquires a positive charge, thereby
attracting negatively charged pollutants or anionic dyes '’’. In this context, Ren et al. '” employed
carbon-doped g-C3N4 to remove MB dye pollutants in an aqueous solution. Their findings indicated
that the adsorption process of MB occurred through a combination of electrostatic and =n-m
interactions.

The m-m interaction arises when aromatic pendant groups are present in both the composite and
pollutant structures. The g-C3Ns and its composites contain these aromatic groups within their
structures, which are also commonly found in used dyes. This interaction facilitates bonding between
two aromatic groups through non-covalent interactions. Importantly, the n-m interaction serves as a
prevalent adsorption mechanism in aromatic compounds containing m bonds '’®. Zhang et al. '”
synthesized a composite consisting of ZnO-layered double hydroxide and g-CsN4 for adsorbing
various dye pollutants under UV and visible light. Their study concluded that the adsorption process
primarily occurs through n-r interactions.

As previously mentioned, electrostatic interactions are the most common mechanisms in pollutant
adsorption processes. A specific variant of this interaction involves hydrogen ions (H"), which occurs
when the proton donor and acceptor groups of the process are present. Consequently, this weak
hydrogen bonding can take place between the g-C3N4 composite and pollutant molecules '¥°. In a

related study, Zhao et al. '*!

synthesized a g-C3N4/Fe304/ZIF-8 nanocomposite with the capability of
magnetic recycling for the adsorptive removal of the MG dye pollutant from aqueous solutions.
These researchers highlighted that the primary adsorption mechanism in this process is closely

associated with hydrogen bonding interactions.
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Figure 1.7. Possible adsorbate-adsorbent interactions on the g-C3N4 surface. Adapted from
Reference '%°.

In the case of photocatalysis, the adsorption of dyes on the surface of photocatalysts plays an
important role in the efficiency of the photocatalytic degradation process of dyes. This adsorption
phenomenon is related to the binding affinities and electrostatic interactions that occur between the
catalyst surface and the dye molecules. The adsorption of dyes on the catalyst surface is considered a
fundamental step in the photodegradation of these dyes. Both strong and weak adsorption of dyes
results in reductions in the photocatalytic performance of the catalysts. While strong adsorption leads
to the poisoning of catalysts, weak adsorption leads to the attachment of dyes to the catalyst surface
for a photodegradation reaction. The high adsorption of dyes on the surface of the catalysts results in
the surface being covered with dyes that block the access of photons to the surface of the catalyst.
Therefore, strong adsorption reduces the photocatalytic efficiency. According to the Sabatier
principle, the binding of the dye molecules to the surface of the catalysts should be neither strong nor
weak for the best photocatalytic activity. The medium is beneficial due to the synergy between

photocatalysis and adsorption for excellent photodegradation efficiency 827184,

1.2.4. Applications of g-C3Ny in Catalysis

1.2.4.1.  Heterogeneous photocatalysis

The process of photocatalytic reactions includes three main steps, as illustrated in Figure 1.8.
Initially, semiconductors are excited by appropriate light irradiation with photon energy equal to or

exceeding their band gap energy. This excitation triggers the movement of electrons (e”) from the
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valence band (VB) to the conduction band (CB), resulting in the creation of holes (h") in the VB ¥,

Subsequently, these photoinduced €™ and h* species migrate to the surface of the photocatalyst. Once

at the surface, these electrons and holes react with target molecules adsorbed on the catalyst, leading

to chemical reactions such as hydrogen evolution, CO; reduction, pollutant degradation, disinfection,

and organic synthesis. It is important to note that the redox potentials of photocatalysts are

determined by the relative positions of CB and VB !8¢. However, a significant proportion of

photogenerated ¢ and h" tends to recombine rather than participate in redox reactions. Only a

minority of these species migrate to the catalyst surface for the actual redox processes. Although the

fundamental principles of photocatalysis elucidated above are clear, the practical application of

photocatalysis is hindered by its relatively low redox efficiency. This limitation can be attributed to

the following factors:

Low light utilization efficiency. When certain semiconductor materials are exposed to light
of appropriate wavelengths and photon energies that match or exceed their band gap energy,
electrons in their valence band (VB) can be excited. For example, within natural sunlight,
only 5.7% consists of UV radiation (A < 420 nm), and an even smaller portion, 4.7%, falls
into the UV range (A < 387 nm) capable of activating electrons in the valence band of TiO».
In contrast, the visible light range (420 nm < A < 760 nm) constitutes a significant 52.1% of

natural sunlight 136

. This important section offers great potential for the design of
photocatalysts that can respond to visible light. However, it is crucial to find a balance
between achieving a broad light response and maintaining a high redox capacity of the
catalyst.

Severe recombination of photoinduced e~ and h*. Photoinduced electrons and holes often
face significant recombination challenges. While electrons exhibit rapid migration within the
bulk or surface of a catalyst, they are likely to recombine with positively charged
photoinduced holes '*7. For effective use in surface chemical reactions, only those electrons
and holes that effectively interact with molecules on the catalyst surface prove valuable.
Unfortunately, such useful photogenerated electrons and holes are relatively rare.

Low surface chemical reaction. The photogenerated electrons and holes present on the
catalyst surface face the challenge of exhibiting a low reaction rate, which is mainly
attributed to the weak interaction between the photogenerated charge carriers and the target
molecules %%, Consequently, there is an urgent need to enhance the efficiency of surface

chemical reactions for photocatalysts.
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o Insufficient stability of catalysts. The physicochemical stability of catalysts can be
compromised by various factors within the surrounding environment, such as pH levels and
certain interfering ions, leading to a decrease in catalytic efficiency. Furthermore, many of
these photocatalysts exist in the form of nanoparticles, posing challenges for efficient

recovery and recycling when applied to pollutant degradation through photocatalysis '%.

uoIleUIqWOI3Y
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Figure 1.8. Schematic illustration of a typical semiconductor photocatalytic reaction.

Exploiting solar energy with remarkable efficiency, g-C3Ns has found practical utility as a
photocatalyst '*°, While bulk g-C3Ny is limited to absorb exclusively blue light (about 450 nm) due
to its relatively large band gap of about 2.7 eV, as well as surface confinement and fast charge
recombination, innovative modifications have been made to improve. Notably, the graphitic carbon
nitride nanosheets structure has attracted significant attention due to its expansive surface area and
exceptional charge migration capabilities '*°. As demonstrated in Table 1.1, a variety of
photocatalytic materials based on g-C3Ns nanosheets have been applied in three main areas: the

degradation of aqueous and gaseous pollutants, the splitting of water to produce H> and O, and the

photoreduction of CO».
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Table 1.1. Photocatalytic performance of some g-C3N4 nanosheets-based materials.

Catalyst g-C3Ny co- Photocatalytic Photocatalytic
Nanostructure preparation Specific  catalysts application activity
method surface
area
(m’g™")
GS-CN?t Nanosheets steam etching of 66.3 3 wt % Pt H; evolution 0.658 mmol-g!
bulk g-C3N4 ‘h!
Degradation of 100% in 1 h
RhB and MO
CN-Ex3/air!? Nanosheets Pyrolysis 143 - Degradation of 100% in2 h
Acid Orange 7
gCN!?? Nanosheets Pyrolysis 60.5 - NO oxidation 35.8%
H; evolution 764.8 umol g
hfl
R-CN-500'%4 Nanosheets Pyrolysis 143 - NO oxidation 65.0%
SnO,-x/g- Nanosheets Pyrolysis - SnO»-x NO oxidation 40.8%
C3N4195
CeO»/g- Nanosheets Pyrolysis 18.7 283 wt.%  Degradation of  93.7% in 80 min
C3N4196 CGOQ BPA
GCN-500"" Nanosheets Pyrolysis 111 - Degradation of ~ 100% in 20 min
Parabens
CNPS-NH,!* Nanosheets Pyrolysis 195.3 - H; evolution ~ 1233.5 pmol g
h—l
g-CN-X19% Nanosheets Pyrolysis 140.9 - H, evolution 27.6 mmol g
h—l
CO; reduction  226.1 pmol g!
h—l
UCN-200'% Nanosheets Hydrothermal 128.5 - H; evolution 1254.75 pumol
g—l h—l
Co;0,/CNS?% Nanosheets sulfur-mediated - 3 wt% O, evolution 25.1 pmol g '
C03O4 hfl

Photocatalytic removal of pollutants is one of the most important reactions in environmental
catalysis. In this context, Fernandes et al. '°’ turned their focus to the photocatalytic degradation of
multiple parabens, using exfoliated g-C3N4 under visible light exposure. Remarkably, within only 20
minutes of irradiation, they achieved complete degradation of each paraben, highlighting the

1. ! prepared

effectiveness of g-C3Ny as a photocatalyst for paraben removal. Furthermore, Long et a
porous few-layer nanosheets of g-C3Na, exhibiting an 18.3-fold increase in hydrogen evolution rate
compared to pristine bulk g-C3N4. Notably, these nanosheets also displayed exceptional activity and
stability for the photocatalytic degradation of RhB and MO. Alongside its ability to degrade aqueous
pollutants, g-C3Ns nanosheets extend its application to the photocatalytic removal of gaseous
pollutants such as nitrogen monoxide (NO). Employing a hydrothermal pre-treatment-based

approach, Huang et al. 2°! succeeded in preparing high-quality thin-layered g-C3N4. This innovation
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yielded significantly increased visible-light photocatalytic efficiency for NO removal, achieving a

remarkable 5.5-fold improvement in efficiency over bulk g-C3N4. Similarly, Liu et al. 2%2

employed
the co-pyrolysis of melamine and NH4HCO3 to synthesize porous g-Cs3Ns characterized by an
enhanced specific surface area. This advancement led to a significantly improved photocatalytic
performance for NO removal.

As one of the pivotal photocatalytic energy reactions, the utilization of g-C3N4 nanosheet materials
for photocatalytic water splitting to produce H» has gained extensive attention. The employment of
solar energy to initiate water splitting, leading to H> generation through a photocatalyst, stands as an
ideal solution to address the energy crisis and the greenhouse effect, presenting a pathway to offer
environmentally friendly and sustainable energy !3%198:199:201.203.204 Qince the exploration of g-C3N4
as a photocatalytic material, it has been demonstrated to possess the capability for water splitting to
produce H. Notably, the controlled nanostructure of g-C3Ns4 nanosheets led to improved
performance over bulk g-C3N4, although the improvement is not yet considered significant.
However, the incorporation of a Pt cocatalyst has significantly increased the photocatalytic activity
of Hy evolution. Chen et al. ' have produced ultra-thin gCs3Ns nanosheets through the
repolymerization of pristine, fluffy precursors. These ultra-thin g-C3N4 nanosheets exhibit a large
specific surface area (128.5 m? g ') and demonstrate exceptional and stable photocatalytic hydrogen
evolution performance (1254.75 pmol g ' h™!), a remarkable 21.9 times higher than that of pristine g-
CsNs. However, in contrast to photocatalytic H> evolution, the exploration of photocatalytic O
evolution based on gCs;N4 nanosheets has been relatively limited, serving as the lesser-attempted
half-reaction within water splitting. The process of photocatalytic H>O oxidation to produce O2
proves to be more intricate due to its involvement in a 4-electron reaction, which presents slower
kinetics 120290295 n this regard, Wang et al. 2*° loaded Co304 nanoparticles onto gC3N4 nanosheets,
creating a Co304/CNS hybrid photocatalyst. The incorporation of this hybrid heterojunction
facilitated efficient charge separation, effectively reduced the overpotential for water oxidation, and
thereby achieving noteworthy photocatalytic O, evolution activity (25.1 umol g' h™!) under visible
light, with a notable apparent quantum yield of 1.1% at 420 nm.

In addition, the photocatalytic reduction of CO> to produce chemical fuels and high-value
compounds is of great importance. This process not only addresses the greenhouse effect and reduces
environmental pressure, but also contributes to the production of renewable energy in response to the

126,198.205 In this pursuit, Hou et al. '®® have successfully synthesized

prevailing energy crisis
graphitic carbon nitride (g-CN-X) nanosheets containing N-vacancy and C-doped defects.
Remarkably, the optimized catalyst has shown an impressive hydrogen evolution rate of 27.6 mmol

h™! g1, surpassing the yield of bulk gCN by an impressive factor of 16.2. This increased activity is
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accompanied by an apparent quantum yield of 9.1 % at 420 nm wavelength. Moreover, the optimized
catalyst has exhibited a remarkable capability in the photoreduction of CO,, yielding a CO
production rate of 226.1 umol h™' g™!, a noteworthy increase of approximately 28.6 times when

contrasted with the output from bulk g-CN (7.9 pmol h™! g™1).

1.2.4.2.  Heterogeneous catalysis

Based on the previous section, g-C3Ns4 emerges as a promising and viable alternative for
photocatalytic applications. Nonetheless, it is worth noting that surface terminations and defects play
a pivotal role as the actual active sites in heterogeneous catalysis. These defects offer access to
chemical modifications, which are advantageous for manipulating catalyst properties 2°°. In addition,
g-C3N4 possesses several attractive features that make it suitable as both a metal-free catalyst and a
sought-after catalyst support. Notably, its nitrogen-rich nature, combined with the incompletely
condensed amino-functional groups, along with the tertiary and aromatic amines in its structure,
gives it Lewis base catalyst properties 2°7. This feature ensures the availability of abundant active
sites for metal-free catalysis. Furthermore, the abundance of nitrogen also provides numerous
anchoring sites for metal nanoparticles when g-C3N4 is used as heterogeneous catalyst support 2%,
Of utmost importance is its role as an organic polymer semiconductor capable of producing
delocalized electron states, creating an interconnected relationship between the metal particles and g-
C3N4. The work functions of most noble metals lie within the energy range between the conduction
band and the valence band of g-C3N4. Metal particles with higher work function can give an elevated
Schottky barrier, and thus enhanced charge separation at the interface of the metal-semiconductor
heterojunction 2%°. The enhanced charge separation has a great impact on the catalytic performance of
the catalyst. In light of these considerations, g-C3N4 would not only be just a metal carrier, but also
an "active support" that promotes the catalytic activity or selectivity of the metal particles.

In this context, the incorporation of g-C3;N4 into the field of heterogeneous catalysis, either as a
catalyst or as catalyst support, is emerging as a highly promising avenue for the development of
efficient and sustainable catalytic processes. Bare g-C3N4 possesses distinctive electrochemical and
photoelectrochemical properties, attributed to its abundant surface attributes and structural merits 27,
However, these catalytic features inherent in g-CsN4 are lacking in fully promoted catalytic
processes. This deficiency stems from the limitations posed by the inferior surface area, low
electrical conductivity, insufficient gas adsorption/activation/dissociation capacity, and inadequate
visible light absorption properties exhibited by pristine g-C3N4 nanostructures. Consequently, their

practical viability in catalytic applications is hindered. In addition, oxygen-free g-C3Ns fails to
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facilitate gas activation, adsorption, or dissociation, necessitating the incorporation of additional
metals, heteroatoms, and metal oxides into g-C3;Ns-based nanostructures. These incorporated
elements serve as active sites that not only induce the adsorption and activation/decomposition of
reactants but also allow the desorption of products during catalytic reactions. This is particularly
important due to the challenges associated with the adsorption and activation of gaseous reactants at
ambient atmospheric pressure and room temperature. In this regard, g-C3Ns-based nanostructures
take on the role of a support, engaging metals/oxides or non-metal atoms to fine-tune the reactant
adsorption and activation/decomposition processes. This is accompanied by surface electron
relocation to metal-free coordination along with tolerating the adsorption of intermediates during the
reaction with the assistance of electron donation from C3N4 to metals or non-metals >!%2!!, These
properties are predominantly shaped by factors such as preparation methods, porosity, defects, and
doping, as previously mentioned '*?!2213 Table 1.2 summarizes some of the catalytic materials

based on g-C3N4 nanosheets in various thermocatalytic reactions.

Table 1.2. Various thermocatalytic reactions over g-C3N4 nanosheets.

Catalyst g-C3Ny Catalytic Catalytic activity
Nanostructure Preparation Spesific application
method surface area
(m’g™")
Ni-La/eg-C3N4?'*  Nanosheets Pyrolysis 48 CO methanation ~ Xco = 72%, Sch4
=89%
CO; methanation  Xcoz = 83%, Scr4
>99%
Ni/g-C3N4*1° Nanosheets Pyrolysis 179 CO; methanation  Xco2 = 20%, Scha
> 80%
CuyO/g-C3N416 Nanosheets Pyrolysis 293 CO oxidation Xco = 100% at
200°C
Co0304/g-CN?Y7 Nanosheets Hydrothermal 10 CO oxidation Xco = 100% at
200°C
Co304/mpg-CN?!"  Sponge-like 42 Xco = 100% at
160°C
Co0304/g-CN?18 Nanosheets Pyrolysis 64 deN,O Xco = 100% at
400°C
Ni/mpg-C3N4>" Nanosheets Pyrolysis 48 CO methanation Xco =79.7%,

Scraa =73.9%

Ahmad et al. ?'* synthesized nickel catalysts on mesoporous g-C3Ns sheets, studying the effect of air
and nitrogen calcination for CO methanation. The results revealed that air calcination increased the
catalyst surface area due to the creation of mesopores and the exfoliation of bulk g-C3N4 to form thin

sheets. In contrast, excessive Ni content in the catalyst decomposed the g-Cs;N4 support during
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calcination. 10% Ni/mpg-C3Ny catalyst air-calcined displayed enhanced CO methanation due to
increased active sites. Shi et al. 2!® developed a Cu,0/g-C3N4 composite via a simple impregnation
method. They studied how different Cu,0O loadings affected CO oxidation catalytic activity. At a 4:10
Cu20 to g-C3N4 ratio, the composite demonstrated remarkable stability, maintaining 100% CO
conversion for over 12 hours (200 °C). The strong performance was attributed to synergies between
g-C3N4 and Cuz0, improved dispersion, and smaller Cu,O particle size. Hu et al. 2!'® developed a
Co0304/g-C3Ns nanosheets catalyst using impregnation synthesis and tested its performance in
catalytic deN>O. They also prepared bare Co304 and other Co3O4 catalysts supported on activated
carbon (AC) and y-AlO3 for comparison. While g-C3N4 effectively decomposed N>O, AC and v-
Al,O3 were inactive. C0304/g-C3Ns demonstrated superior catalytic activity compared to other
catalysts, with significantly higher specific activity than bare Co30s. Therefore, the literature
suggests that g-C3Ns sheets are promising as supports for various catalytic oxidation and

hydrogenation reactions.
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Chapter 2

Materials Synthesis and Characterization Studies

In Chapter 2, synthetic procedures,
characterization techniques as well
as catalytic reactions used in this
thesis are  described. = More
specifically, material synthesis of
bare CeO> nanoparticles, bare g-
C3Ny as well as ceria- or g-CsNy-
based transition metal catalysts are
presented in this chapter. A

thorough characterization study of

these materials was carried out by
various techniques, revealing their
textural, structural, morphological, and redox features and their catalytic evaluation was performed
on a variety of energy and environmental catalytic reactions, such as the oxidation of carbon
monoxide (CO), the hydrogenation of carbon dioxide (CO2) to methane (CH4) and carbon monoxide

(CO) and liquid or gas phase photocatalysis.
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2.1. Materials synthesis

The catalytic materials were prepared at two separate laboratories: the Energy & Environmental
Systems Lab (IEESL) of the School of Production Engineering and Management at the Technical
University of Crete, and the Transparent Conductive Materials and Devices (TCMD) laboratory of
the Institute of Electronic Structure and Laser (IESL) at the Foundation for Research and Technology
Hellas (FORTH). A summary of all the materials developed in this thesis can be found in Table 2.1.

2.1.1. Synthesis of Bare Ceria Nanorods

Bare Ceria Nanorods (CeO, NR) were prepared through the hydrothermal method '. In particular,
2.75 mol NaOH (purity > 98%, Sigma-Aldrich) was initially dissolved in 75 mL of double-deionized
water. Then, 175 mL of an aqueous solution containing 23 mmol Ce(NO3)3-6H>0 (purity > 99.0%,
Fluka) (0.13 M) was added to 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 for 24 h. 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 hydrothermal

synthesis of ceria nanorods is presented in Figure 2.1.

2.75 mol 1h stirring —
NaOH,, J24h
i A Aging

(o o .

Calcination
- v

Figure 2.1. Hydrothermal synthesis of bare ceria nanorods (CeO> NR).

2.1.2. Synthesis of Ceria-Based Transition Metal Catalysts
After the synthesis of bare CeO> NR, the addition of different transition metals was performed by the

wet impregnation method >, In particular, a variety of transition metals such as titanium (Ti),
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vanadium (V), chromium (Cr), manganese (Mn), iron (Fe), cobalt (Co), nickel (Ni), and copper (Cu)
were added in the aforementioned ceria supports via the wet impregnation method and the as-
prepared catalysts were named as M/CeO> NR, where M: Ti, V, Cr, Mn, Fe, Co, Ni, Cu. Specifically,
aqueous solutions of the metal precursors, i.e., tetrabutyl titanate (TBOT), NH4VO3, Cr(NO3)3-9H>0,
Mn(NO3)2-4H20, Fe(NO3)3-9H20, Co(NO3)2:6H20, Ni(NO3)2-6H20, and Cu(NO3)2-2.5H20 were
used to obtain a M/(M+Ce) atomic ratio of 0.2, corresponding to a metal loading between 7.5 and 8.5
wt.% M. Subsequently, the resulting 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 synthetic process is shown in Figure 2.2.
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Figure 2.2. Synthesis of ceria-based transition metal catalysts M/CeO> NR (M: Ti, V, Cr, Mn, Fe,
Co, Ni, Cu) via the wet impregnation method.

In the case of Ni/CeO2 NR, a series of Ni/CeO2 NR with varying metal loading was prepared using
the wet impregnation method. Different Ni/Ce atomic ratios of 0.10, 0.25, 0.50, 1.00, and 1.50 were
employed, corresponding to a Ni mass loading between 3-34 wt.%. The preparation process involved
the addition of appropriate amounts of Ni(NOs3)2:6H>O (Sigma Aldrich, purity > 98.5%) and CeO»>
NR to an aqueous solution, which were then mixed under stirring until water evaporation. The
resulting slurry was dried overnight at 90 °C and subsequently calcined at 500 °C for 2 h in static air,
using a heating ramp of 5 °C/min to eliminate residual nitrate species. The samples were further
reduced at 400 °C for 1 h under a pure H> flow, followed by flushing with He until reaching room

temperature to prevent re-oxidation. The resulting samples were labeled as Ni/CeO>-x, with x
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representing the nominal atomic ratio of Ni/Ce. All samples were subsequently characterized after

reduction.

2.1.3. Synthesis of Ceria-Titania Composites by Different Methods

A series of CeO/TiO, mixed oxides with a Ce/Ti atomic ratio of 4 was synthesized by various
methods, namely, precipitation, hydrothermal in one and two steps, and Stdber 7.

Ceria-titania by precipitation (CeO»/TiO2-P) was prepared as follows: initially, 10.4 mmol
Ce(NO3)3-6H>O and 2.6 mmol TiOSO4 were dissolved in double deionized water (0.50 M) to
achieve complete dissolution of the precursors. Then, NH3 (25 vol.%) was added at room
temperature (RT) to the solution under constant stirring until pH reached the value of 10. After 3 h of
stirring the resulting precipitate was centrifuged and washed with double deionized water and EtOH.
The precipitate was treated at 90 °C for 12 h and 500 °C for 2 h under air flow (heating rate 5 °C
min!). The precipitation synthesis of CeO2/TiO,-P is presented in Figure 2.3.

-
3 h stirring

="
b Db O

& 2.6 mmol of TiIOSO,

Centrifugation

90°C
/12h

-« ‘}m

‘ Calcination
500°C

Figure 2.3. Precipitation synthesis of Ceria-titania (CeO2/TiO2-P).

Ceria—titania by one-step hydrothermal (CeO»/TiO2-H1) was prepared as follows: initially, 3.0 mol
NaOH was added in 75 mL of water. An aqueous solution of 175 mL containing 20 mmol of
Ce(NO3)3-6H20 and 5.0 mmol of TiOSO4 (0.14 M) was then added under vigorous stirring in the
above solution until a milky slurry was formed. The mixture was left for 1 h of additional stirring
and the final slurry was placed in a Teflon vial and aged for 24 h at 90 °C. The materials were

thoroughly washed with double deionized water until pH 7, followed by EtOH washing to avoid
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nanoparticle agglomeration. Finally, the precipitate was dried for 12 h at 90 °C and calcined at 500
°C for 2 h under air (heating rate 5 °C min!). The one-step hydrothermal synthesis of CeO2/TiO>-H1

is presented in Figure 2.4.

3.0 mol & 5.0 mmol 1h stirring .
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Figure 2.4. One-step hydrothermal synthesis of Ceria-titania (CeO2/TiO>-H1).

Ceria-titania by two-step hydrothermal synthesis (CeO2/Ti02-H2) was prepared as follows: bare
ceria nanorods (CeO> NRs) were initially prepared by the hydrothermal method, as mentioned above
in the one-step hydrothermal method, with the variation of utilizing 25 mmol Ce(NO3);-6H20
instead of 20 mmol and the absence of TiOSO4. Then, CeO2/TiO2 nanorods were prepared by a wet-
chemical method. Typically, 0.15 g of bare ceria nanorods was dispersed into 200 mL of double-
deionized water under vigorous stirring and 0.035 g TiOSO4 was dissolved into 1.1 mL of double-
deionized water and added into the aforementioned suspension at room temperature. The mixture
was left for additional stirring for 3 h and aged at room temperature for 2—3 h. The precipitate was
dried for 12 h at 90 °C, followed by calcination at 500 °C for 2 h under air (heating rate 5 °C min™!).
The two-step hydrothermal synthesis of CeO»/Ti0,-H2 is presented in Figure 2.5.
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Figure 2.5. Two-step hydrothermal synthesis of Ceria-titania (CeO2/TiO2-H2).

Ceria—titania by the Stéber method (CeO2/Ti0;-S) was prepared as follows: bare ceria nanorods
were initially synthesized by the hydrothermal method as previously described. 0.25 g of bare ceria
nanorods were dispersed in 334 mL of absolute ethanol and mixed with 1 mL concentrated ammonia
solution (28 wt.%) under ultrasonication for 20 min. Then, 0.125 mL TBOT was added dropwise,
and the solution was left stirring at 45 °C for 24 h. The resulting precipitate was recovered by
centrifugation and washed with double-deionized water and ethanol. The precipitate was dried for 12
h at 90 °C, followed by calcination at 500 °C for 2 h under air (heating rate 5 °C min!). The Stober
method of CeO2/Ti02-S is presented in Figure 2.6.

Hydrothermal synthesis of CeO,-NR

0 334 mL absolute EtOH ]

. - QO 1 mL ammonia solution
e P * [ 0 0.25 g of CeO,-NR

24h stirring
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«
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Figure 2.6. Stober method of Ceria-titania (CeO2/TiO>-S).
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2.1.4. Synthesis of CeO2/Zn0O and Ni/CeO>-ZnO

Bare ceria nanorods were initially synthesized using the hydrothermal method, as detailed in
subsection 2.1.1. To prepare CeO2/ZnO mixed oxides with different Zn:Ce ratios (0.2, 0.4, 0.6), a
modified hydrothermal method was employed ®. Specifically, 0.38 g of HO.CCO,H, 0.64 g of
Zn(CH3COO),-2H,0, and a specific quantity of CeO> nanorods (2.42 g, 1.21 g, and 0.81 g for Zn/Ce
= 0.2, 0.4, and 0.6, respectively) were dispersed in 40 mL of double deionized water under stirring
for 20 minutes. The resulting suspension was then transferred into a plastic bottle and aged at 70 °C
for 1 h. The precipitate was recovered through centrifugation, washed with double deionized water
and ethanol, dried at room temperature overnight, and finally calcined at 500 °C for 2 h under air
flow, with a heating ramp of 5 °C min!. Additionally, a pure zinc oxide sample was prepared using
the same method for comparison purposes. The resulting materials were labeled as CeO2/ZnO—x,
where x represents the Zn:Ce atomic ratio. The preparation procedure of CeO2/ZnO is presented in

Figure 2.7.
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Figure 2.7. Preparation method of Ceria-Zinc (CeO2/ZnO).

Regarding the Ni-containing samples, nickel was introduced using a typical wet impregnation
method, as detailed in subsection 2.1.2. The nominal Ni loading remained consistent at
approximately 8 wt.%, and the resulting samples were labeled as Ni/CeO2, Ni/ZnO, and Ni/CeO»-

ZnO-x, based on the respective underlying support materials employed °.
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2.1.5. Synthesis of ceria triangles (CeO2 TR) and Ni/CeO, TR

Cerium oxide triangles (CeO> TR) were synthesized using the solvothermal method. In a typical
experiment, 3.17 g of Ce(CH3CO»)3-xH20 and 3 g of urea were dissolved in 30 ml of ethylene glycol
(EG) with vigorous stirring for 1 h. The resulting solution was then transferred into a Teflon-lined
stainless-steel autoclave and heated at 220 °C for 24 h. Afterward, the precipitate obtained was dried
at room temperature and calcined at 400 °C for 2 h under an air flow, using a heating ramp of 5 °C

min_!, to obtain the final product. The preparation process of CeO> TR is presented in Figure 2.8.

1h stirring

220°C
/24h

Aging

g
D

Drying at RT
overnight

e v

2h

Figure 2.8. Solvothermal synthesis of bare ceria triangles (CeO2 TR).

In order to synthesize the Ni/CeO2 TR sample, the wet impregnation method was employed (Figure

2.2.), with the nominal Ni loading maintained at approximately 8 wt.%.

2.1.6. Synthesis of Bulk g-C3N4 and g-C3N4 Nanosheets

The bulk g-C3N4 (denoted as CNB) was synthesized through the thermal polycondensation of
melamine '. In a typical synthesis, 50 g of melamine was placed in an alumina crucible with a cover
inside a muffle furnace and heated at 510 °C for 2 h, followed by an additional 2 hour-heating at 530
°C, while maintaining a constant air flow (heating rate: 2 °C min'). After the process, a dark yellow
solid was obtained, which was subsequently milled and collected for further use.

g-C3N4 nanosheets (denoted as CNNs) were synthesized by direct thermal exfoliation of CNB. For

this, 5 g of CNB was placed in an open ceramic container and heated at 580 °C for 2 h, using a ramp
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rate of 2 °C min! in a muffle furnace. The resulting sample exhibited a pale-yellow color. The

preparation process of bulk g-C3Ns and g-C3N4 nanosheets is presented in Figure 2.9.

thermal polycondensation
of melamine

thermal exfoliation of CNB

5 g Bulk g-C;N, (CNB)

Figure 2.9. The preparation process of Bulk g-C3N4 and g-C3N4 Nanosheets.

2.1.7. Synthesis of g-C3Ns-Based Transition Metal Catalysts

After synthesizing bulk g-C3Ns, different transition metals were added using the impregnation
method. Specifically, titanium (Ti), vanadium (V), chromium (Cr), manganese (Mn), iron (Fe),
cobalt (Co), nickel (Ni), copper (Cu), and zinc (Zn) were incorporated into the bulk g-C3N4 via
impregnation. The resulting catalysts were labeled as M/g-C3N4, where M represents Ti, V, Cr, Mn,
Fe, Co, Ni, Cu, or Zn. Metal precursor, including Titanium IV oxysulfate (TiOSO4:2H>0), Vanadium
(V) oxytripropoxide (VOTP), Chromium(III) acetate hydroxide (Cr3(OH)2(OOCCH3)7), Manganese
(IT) acetate tetrahydrate (CH3COO):Mn-4H,0), Iron(Il) sulfate heptahydrate (Fe2(SO4);-xH20),
Cobalt(Il) acetate tetrahydrate = (CH3COO),Co-4H20), Nickel(Il) acetate tetrahydrate
(Ni(OCOCH3)2-4H20), Copper(Il) acetate hydrate (Cu(CO2CHz)2-xH20) and Zinc acetate dihydrate
(Zn(CH3COO0)2-2H,0) were utilized to achieve a metal loading of 1 wt.% M.

The synthesis of the M/g-C3Ny4 catalysts followed the procedure outlined below: First, 500 mg of
bulk g-C3N4 was dispersed in methanol under ultrasonication for 20 min and then an appropriate
amount of each metal precursor was added into the above solution. The mixture was stirred until the
solvent evaporated. The resulting product was dried overnight at room temperature followed by
milling and heating at 400 °C for 1 h under air flow (heating ramp of 2 °C min!). A visual
representation of the synthetic process of M/g-C3Ny is presented in Figure 2.10.
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Figure 2.10. The preparation process of M/g-C3Na.
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Table 2.1. The catalytic materials synthesized in the present thesis along with the characterization
techniques used and the targeted reactions.

Material Preparation metal loading Characterization Catalytic
method wt.% reaction
CeO; NR hydrothermal - BET, XRD, CO+ 0y, COx+
SEM/EDS, TEM, H,
RAMAN, TPR
CeO; TR solvothermal - BET, XRD, CO; +H;
SEM/EDS, XPS,
Raman, TPR
CNB thermal - BET, XRD, TGA, Photocatalysis,
polycondensation SEM/EDS, TEM, Adsorption
CNNs thermal lﬁl“FllI\{/L z[it\e/l-;i)ltse’:ri{;l Photocatalysis,
exfoliation ’ Adsorption
Ceria-based metal catalysts
M/CeO, NR Wet ~8 BET, XRD, CO; +H;
(M: Ti, V, Cr, Mn, impregnation SEM/EDS, TEM, TPR
Fe, Co, Ni, Cu)
Ni/CeOr-x Wet ~3-34 BET, XRD, CO, + Ha
(x =Ni/Ce=0.10, impregnation SEM/EDS, TEM,
0.25, 0.50, 1.00, Raman
1.50)
Ce0,/TiO; precipitation, BET, XRD, CO+0,
hydrothermal in SEM/EDS, TEM, TPR
one and two
steps, Stober
Ce02/Zn0O hydrothermal in BET, XRD, CO+0, COy+
two steps SEM/EDS, TEM, H;
Raman, TPR
Ni/CeO,2-ZnO Wet 8 BET, XRD, CO, + Hy
impregnation SEM/EDS, TEM,
Raman, TPR
Ni/CeO2 TR Wet 8 BET, XRD, CO, + Hy
impregnation SEM/EDS, XPS,
Raman, TPR
g-CsNs-based metal catalysts
M/g-C3Ny Wet 1 XRD, SEM/EDS, Photocatalysis
(M: T1, V, Cr, Mn, impregnation TEM, UV-Vis

Fe, Co, Ni, Cu, Zn)

2.2 Characterization Techniques

The physicochemical properties of the as-prepared materials were comprehensively characterized

using a range of techniques. The actual metal content was determined using Inductively Coupled

Plasma (ICP) analysis. To gain insight into the textural properties, N> adsorption-desorption at —196
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°C (BET method) was employed. The structural properties were examined using X-ray Diffraction
(XRD), while Transmission Electron Microscopy (TEM) was utilized to study the morphological
features. Elemental mapping was carried out using Scanning Electron Microscopy-Energy
Dispersive X-ray Spectroscopy (SEM-EDS). The redox properties were determined using
Temperature Programmed Reduction with H; as a reducing agent (H>-TPR). Surface characteristics
were defined through X-ray Photoelectron Spectroscopy (XPS), and the structural defects of the as-
prepared samples were analyzed using Raman spectroscopy.

These characterizations were performed at the following institutions: the Institute of Electronic
Structure and Laser (IESL-FORTH), the Technical University of Crete, the Chemical Process &
Energy Resources Institute (CPERI) of the Centre for Research & Technology Hellas (CERTH), the
Laboratory of Chemistry and Materials Technology at the National and Kapodistrian University of
Athens, and the Department of Chemical Engineering at the University of Patras. Detailed
descriptions of the procedures followed for each characterization technique are presented in the

subsequent sub-sections.

2.2.1. Elemental Analysis (ICP)
Elemental analysis of various metals in indicative samples was performed by means of Inductively

Coupled Plasma Atomic Emission Spectroscopy (ICP-AES) in a Perkin-Elmer Optima
4300DVmapparatus at CPERI/CERTH.

2.2.2. Textural and Structural Characterization (BET and XRD)

N2 physisorption (BET method): The textural characteristics of the catalysts were assessed using
N> adsorption-desorption isotherms at the boiling point of nitrogen (—196 °C). The specific surface
areas (m%/g) were determined using the well-established Brunauer-Emmett-Teller (BET) method,
which involved measuring the relative pressures in the range of 0.05-0.30. The specific pore volume
(cm®/g) was calculated based on the highest relative pressure, while the average pore size (nm) was
determined using the Barrett-Joyner-Halenda (BJH) method. Before each experiment, the samples
underwent a vacuum degassing process at temperatures ranging from 250 to 300 °C for 3—5 hours,
depending on the specific materials used. N2 physisorption experiments were conducted at
CPERI/CERTH. At CPERI/CERTH, a Micromeritics Tristar 3000 (Micromeritics, Norcross, GA,
USA) instrument was utilized.

X-Ray Diffractometry (XRD): The structural properties of the samples were analyzed using powder
X-ray diffraction (XRD) on a Rigaku diffractometer (model RINT 2000, Tokyo, Japan). X-rays were
generated by a 12 kW rotating anode generator with a Cu anode, equipped with a secondary pyrolytic

graphite monochromator. Cu Ka radiation with a wavelength (1) of 0.154 nm was employed. XRD
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measurements were conducted in a /20 configuration, scanning from 10° to 80° with a step size of
0.05° min™'.
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 each pattern >:

0.91
BhleOSG

(1)

Dxrp =

where By 1s the full width at half maximum and 0 is the Bragg diffraction angle.
The microstrain (g) of crystal is an assessment of lattice stress available in the materials due to lattice
elongation, distortion, or contraction, which can be determined according to the broadening degree of

XRD diffraction peak .

_ Brr
" 4atand (2)

where Bn is the full width at half maximum and 0 is the Bragg diffraction angle.

2.2.3. Morphological and Topographical Characterization (TEM, SEM/EDS, AFM)

Transmission Electron Microscopy (TEM): Transmission Electron Microscopy (TEM) imaging
was conducted using a JEM-2100 instrument from JEOL (Tokyo, Japan) equipped with a LaBs¢
filament. The TEM operated at an acceleration voltage of 200 kV. To prepare the materials for TEM
observation, they were dispersed in an ultrasonic bath to ensure uniform distribution. A 400 mesh
formvar/carbon copper grid (Agar Scientific, Essex, UK) was then dipped into the solution
containing the dispersed materials. This grid served as the substrate for the TEM analysis.
Characterization of the size and distribution of metal and oxide particles was performed by analyzing
representative TEM images using the ImageJ software. The TEM images provided high-resolution
details of the sample, allowing for precise measurement and analysis of the particles' characteristics.
The particle size of Ni was further evaluated by comparing the number of average diameters (dn)
with the calculated values for the surface average diameter (ds) and volume average diameter (dv)
(Chapter 4, Sub-section 4.3.4) »!2. The complete particle size distribution data obtained from TEM
analysis for each sample were used for these calculations. The expressions used for the calculations

are as follows:
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dy = 70 (5)

Dni (%) is the Ni dispersion calculated by TEM analysis, according to Eq. (6) '? assuming
hemispherical particle shape, where Vi is the bulk atomic volume (1.09 x 1072 ¢cm?®) and A is the

atomic area (6.51 x 107'¢ cm?) of a Ni atom:

Dyi(%) = 6 x 10 22— (6)
Ni Ys

Scanning Electron Microscopy - Energy Dispersive Spectroscopy (SEM-EDS): The surface
morphology of the samples was examined using Scanning Electron Microscopy (SEM) with a JEOL
JSM-6390LV instrument from JEOL Ltd. (Akishima, Tokyo, Japan). The SEM operated at 20 keV
and was equipped with an energy-dispersive X-ray spectrometry (EDS) system for elemental
analysis. To prepare the samples for SEM observation, the powders were placed on double-sided
adhesive tape and coated with a thin layer of gold (Au) using a sputtering process. The gold coating,
approximately 10 nm in thickness, helped enhance the conductivity and improve imaging quality.
The specimens were observed under two different detection modes: secondary electrons (SE) and
backscattered electrons (BSE).

Atomic Force Microscopy (AFM): AFM measurements were carried out using a Bruker Dimension
Icon instrument under ambient conditions. For obtaining topographic images, silicon nitride
ScanAsyst-Air probes with a tip radius (R) of 2 nm, spring constant (k) of 0.4 N/m, and resonance
frequency (f) of 70 kHz were utilized. To ensure better visualization of the finer features of the
sample, the applied forces were kept as low as possible during the measurements. This approach
helped minimize any potential sample deformation or damage while maintaining a high-resolution
imaging capability. AFM measurements and analysis were conducted collaboratively at the

Department of Chemical Engineering at the University of Patras and FORTH/ICE-HT.
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2.2.4. Redox Characterization (H>-TPR)

The redox properties of the as-prepared samples were evaluated through temperature-programmed
reduction (H2-TPR), carried out in three separate laboratories: the Energy & Environmental Systems
Lab (IEESL) of the School of Production Engineering and Management at the Technical University
of Crete, the Laboratory of Chemistry and Materials Technology at the National and Kapodistrian
University of Athens, and the Chemical Process & Energy Resources Institute, Centre for Research
& Technology Hellas (CPERI/CERTH).

In a typical experiment, a 100 mg sample was placed in a quartz fixed-bed reactor and heated to 800
°C at a rate of 10-20 K min! using a 5% Ha/He. Prior to the TPR experiments, the samples
underwent a pre-treatment process. They were subjected to a temperature of up to 500 °C for 30 min
under a gas mixture of 20 vol.% O in He with a flow rate of 20-50 cm® min~'. Subsequently, the
samples were cooled down to 200 °C while maintaining the same gas mixture, and then further
cooled to room temperature under pure He flow. To quantify the H; uptake from the samples, a
known quantity of CuO standard sample was used as a reference. The H, uptake (mmol H, g '),
which corresponds to the H> consumed by reducible oxygen species, was determined by integrating
the area under the TPR peaks. The Oxygen Storage Capacity (OSC), measured in umol Oz g!, was
calculated as half of the H> uptake value.

2.2.5. Spectroscopic Characterization: XPS, Raman, FTIR, PL, and UV-Vis Spectroscopy

X-ray photoelectron spectroscopy (XPS): X-ray photoelectron spectroscopy (XPS) analysis was
conducted on the as-prepared samples using a SPECS FlexMod XPS instrument equipped with a 1D-
DLD upgraded Detector and an XR-50 Dual Anode X-ray source. To prepare the samples for
analysis, they were pressed into pellets with approximately 1 mm thickness. These pellets were then
securely attached to the sample holder using small pieces of double-sided carbon tape. The XPS
analysis was performed using a monochromatic Al Ka X-ray source operating at 15 kV, with an
energy of 1486.7 eV. The data acquisition was carried out using SpecsLAB Prodigy software, while
the data analysis was performed using CASAXPS software. To correct the effects of electric
charging during the analysis, the carbon peak C 1s (285 eV) was used as a reference. The electric
charge correction was applied to ensure an accurate and reliable interpretation of the XPS spectra.
The peak spectra obtained from the analysis were fitted using CasaXPS software. A Gaussian—
Lorentzian peak shape was utilized for peak fitting, and the background subtraction was performed
using the Shirley (or Linear) type background subtraction method.

Raman spectroscopy: Raman measurements were performed using a Nicolet Almega XR Raman

spectrometer. The excitation source employed was a 473 nm blue laser, selected for its ability to

64



induce Raman scattering in the sample. The Raman spectrometer was operated at room temperature,
and the laser power was set to 15 mW. The excitation beam was focused onto the sample through a
confocal microscope equipped with a 50x objective lens.

Fourier Transform Infrared (FTIR) spectroscopy: The attenuated total reflectance—Fourier
transform infrared (ATR—FTIR) spectra were acquired using a Thermo-Electron Nicolet 6700 FT-IR
optical spectrometer equipped with a DTGS KBr detector. The spectra were recorded at a high

resolution of 2 cm!

, allowing for a detailed analysis of the sample's infra-red absorption
characteristics.

UV-Visible (UV-Vis) spectroscopy: The UV-Vis/Near-IR diffuse reflectance spectra of the g-C3Na-
based catalysts in powder form were acquired using a Perkin Elmer LAMBDA 950
spectrophotometer. These spectra were recorded over a wavelength range of 250-2500 nm, with
BaSO4 employed as the reference standard. The adoption of Diffuse Reflectance Spectroscopy
(DRS) enabled the characterization of the sample's optical properties.

To analyze the collected DRS data and derive the absorption coefficient, a transformation based on

the Kubelka-Munk function '3 (Eq. (7)) was employed:

KA) _ (1-Rw)?
S 2Re

F(Re) = (7

where K: absorption coefficient, S: scattering coefficient, and R» = R/Ref: reflectance.
The optical band gap energies of the samples were determined by plotting the Kubelka—Munk
function as a function of incident energy (hv) (Eq. (8)) '“.

(ahv)'/n = B(hv — E,) (8)

where a: absorption coefficient, hv: incident photon energy, Eg: band gap energy, B: a constant
related to the effective masses of charge carriers associated with valance and conduction bands, and
n: a factor controlled by the kind of optical transition caused by absorbed photons (n = 1/2 for direct
transition, n = 2 for indirect transition).

To estimate the band gap energy (Eg), the F(R) values were assumed to be proportional to the optical
absorption coefficients. The estimation of E; was carried out by plotting (F(R)*hv)"" against hv,
following the Tauc plot method '*'%. For this analysis, an indirect band gap transition of g-C3N4 was
considered. The reflectance spectra were transformed to dependencies of (F(R)*hv)"? on hv, which

facilitates the determination of the optical band gap energy (E;) using the Tauc plot method.
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Photoluminescence (PL) spectroscopy: Photoluminescence spectra were acquired using an
advanced fluorescence spectrophotometer manufactured by Agilent Technologies. The instrument
was equipped with a high-performance Xenon lamp, which served as the excitation source for the
measurements. To initiate photoluminescence, the sample was excited with light at a specific
wavelength of 325 nm. This excitation wavelength was carefully selected to optimize the emission
response and capture the fluorescence signals of interest. These measurements were conducted
collaboratively at the Department of Chemical Engineering at the University of Patras and

FORTH/ICE-HT.

2.2.6. Thermogravimetric analysis (TGA)

Thermal analysis of the samples was conducted using a thermogravimetric analyzer (SDT, Q600).
The analysis was performed under a synthetic air flow of 100 mL min~! to simulate atmospheric
conditions. The programmed heating profile involved ramping the temperature from room
temperature (25 °C) up to 750 °C at a constant heating rate of 2 °C min'. For each measurement, a

mass of 10 mg of the powder sample was used.

2.2.7. Zeta potential

The zeta potential measurements were conducted using a Zetasizer Nano-ZS90 instrument
manufactured by Malvern, UK. The zeta potential is a key parameter that characterizes the surface
charge and stability of colloidal particles in a solution. To perform the measurements, 10 mg of each
powder sample was dispersed in 200 mL of an aqueous solution containing KNOs3. The dispersion
process was facilitated by applying ultrasonication for 30 minutes. This ensured the homogenous
dispersion of the particles in the solution. The pH of the suspension was then adjusted to different
values ranging from 2 to 11. This was achieved by carefully adding either 0.1 M HNO3; or KOH

solutions to the suspension, allowing for precise control of the pH.

2.3. Adsorption Experiments

Adsorption experiments were conducted using two types of adsorbents, namely, bulk g-C3N4 (CNB)
and g-C3N4 nanosheets (CNNs). In a typical experiment, 25 mg of the sample was dispersed in 20
mL of a dye solution with concentrations ranging from 10 to 200 ppm. The mixture was then stirred
at a specific temperature between 274 K and 300 K for a defined period until adsorption equilibrium
was achieved. The pH of the solution was adjusted using either 0.1 M HCI or 0.1 M NaOH.
Subsequently, the solution was centrifuged to separate and remove the g-C3;Ns particles. The
absorbance values of the resulting dye solution were measured using a UV-visible spectrophotometer

(Cary 50, Agilent Technologies), and the equilibrium concentrations were determined by referencing
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an external standard calibration. The equilibrium adsorption amount was calculated using the

following equation:

Q. = ©)

m

where Q. (mg/g) is the equilibrium adsorption amount, Co (mg/L) is the initial concentration of the
dye solution, Ce (mg/L) is the equilibrium concentration of the dye solution, and V and m are the
volume (L) and mass (g) of dye solution, respectively.

To investigate the adsorption kinetics, pseudo-first-order, and pseudo-second-order kinetic models

were studied >,

Pseudo-first-order model: In(Qe — Qt) = InQe — kt (10)

Pseudo-second-order model: L= >+ L (11)
Qt k2Qe Qe

where Q., Q¢ (mg/g) are the amounts of dye adsorbed at equilibrium and t (time), respectively; ki
(min!) is the pseudo-first-order rate constant; ko (g mg' min™') is the pseudo-second-order rate
constant.

The experimental equilibrium data were fitted by Langmuir and Freundlich isotherm models to gain

an understanding of the sorption process '>!7!8, The expression of each model is the following:

Langmuir model: go = %LCC"’ (12)
L Ce
Freundlich model: e = K,CJ" (13)

where Qn is the maximum adsorption capacity (mg/g); Kr is the Langmuir adsorption constant
(L/mg); Ce is the dye concentration at equilibrium (mg/L); Kf and n are Freundlich constants.

To investigate the adsorption selectivity of CNNSs, selective adsorption experiments were conducted
using cationic dyes, anionic dyes, as well as three groups of dye mixtures. In a typical procedure, 25
mg of CNNs was added to 20 mL of a dye solution with a concentration of 10 ppm and was stirred at

room temperature for 24 h. For the regeneration of CNNs, desorption experiments were performed.
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Specifically, CNNs that had adsorbed methylene blue were placed in an eluent containing 0.1 M
HCI. The suspension was then subjected to sonication for 1 h. Subsequently, the CNNs were

collected and separated by centrifugation, washed with water, and dried overnight at 60 °C.

2.4. Catalytic Evaluation Studies

The present thesis investigates the performance of the catalytic materials in a range of reactions,
including CO oxidation, CO2 hydrogenation to CHs4 and CO, and photocatalysis. These
investigations were carried out at the Industrial, Energy, and Environmental Systems Lab (IEESL) in
the School of Production Engineering and Management at the Technical University of Crete.
Collaboratively, this research involved the Institute of Electronic Structure and Laser (IESL-
FORTH), the Chemical Process & Energy Resources Institute (CPERI) of the Centre for Research &
Technology Hellas (CERTH), the University of Western Macedonia, and the National and
Kapodistrian University of Athens. The subsequent subsections provide comprehensive details

regarding the experimental procedures employed during these catalytic studies.

2.4.1. CO Oxidation

Catalytic tests were carried out to investigate the performance of bare ceria, ceria-titania, and ceria-
zinc oxide catalysts for CO oxidation. The experiments were conducted in a quartz fixed-bed tubular
microreactor with a diameter of 12.95 mm, operating at atmospheric pressure and containing 100 mg
of catalyst. To create a controlled and homogeneous environment, a feed gas mixture consisting of
0.2 vol.% CO and 1 vol.% O in He was passed through the reactor at a total flow rate of 80 mL min~
! regulated by Mass Flow controllers and mixed in a dedicated chamber.

The temperature of the catalyst was measured using a K-Type thermocouple located in the catalyst
bed. The Gas Hour Space Velocity (GHSV) of the feed stream was set to 40,000 h™!. Prior to the
catalytic experiments, all samples were treated by heating them up to 480 °C at a rate of 10
degrees/min using a flow of 20 vol.% O in He at a rate of 20 cm®/min. After reaching 480 °C, the
samples were maintained at this temperature for 30 minutes before being cooled down to 25 °C at the
same rate. To remove any physisorbed species, a final purge was performed using He flow.

During the catalytic evaluation, measurements were taken at 20-degree intervals up to 500 °C. The
effluent gas was analyzed for CO and CO; using gas chromatography (GC) equipped with two
channels containing separated thermal conductivity (TCD) detectors, injectors, and capillary columns

(Molecular Sieve 5X and PoraPlot Q). The CO conversion (Xco, %) was determined using Eq. 14 ¢
8
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Xco(%) = % X 100 [14]

where [CO]Jin and [COJout are the CO concentration (ppm) in the inlet and outlet gas streams,
respectively.

To obtain a better understanding of the intrinsic activity of the ceria samples, kinetic measurements
were also performed under differential conditions (Xco < 15%, T = 200 °C, W/F = 0.075 g s cm™).
The specific reaction rate of CO consumption in terms of the catalyst's mass (mol g~* s™) or surface

area (mol m~2 s™1) were calculated using Eq. [15] and [16], respectively.

3
Xco-[COliy F(
rco(nmol - m=2+s71) = —— (mc”r;)g -10° [15]
100-60(=—=)Vin (5
Xco-[CO] F(Cm3)
rco(nmol-m=2-s71) = 2 ”lﬁmi“ 10° [16]

S m? '
10060 () Vi () SBET ()

where F (cm®min) is the total flow rate, Vim (cm®/mol) is the gas molar volume at STP conditions

(298 K and 1 bar), meat (9) is the mass of catalyst and Sget (m?/g) is the surface area.

2.4.2. CO2 Hydrogenation

To assess the performance of various catalysts in the CO; hydrogenation reaction, catalytic tests were
conducted. Specifically, the catalysts studied included bare ceria, M/CeO> (M: Ti, V, Cr, Mn, Fe, Co,
Ni, Cu), Ce02/Zn0O, and N1/Ce0O2-ZnO. The CO2 hydrogenation experiments were conducted using a
fixed-bed quartz U-shaped reactor with an inner diameter of 1 cm. A temperature controller and a K-
type thermocouple were placed in the middle of the catalytic bed, within an electric furnace. In each
experiment, the reactor was filled with a 200 mg catalyst that was diluted with 200 mg of inert SiO».
Prior to the tests, the catalysts were reduced in situ at a temperature of 400 °C for an hour using a
pure Hz flow of 50 cm®/min. This was followed by flushing with He at a rate of 10 cm®/min. The
catalytic tests were conducted at atmospheric pressure over a temperature range of 200-500 °C with
intervals of 2025 °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™!. The
gas feed was a mixture of H, and CO2 in a molar ratio of 9. The thermodynamic equilibrium

calculations were derived from the mathematical model RGibbs in the Aspen Plus software®.
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Carbon dioxide conversion, X¢o,, and product selectivities, Sco and Scy,,, were calculated as follows

(Eqgs. 17-19) 34

([€Oz2])in'Fin)— ([CO ]ou ‘Fout)
Xco, (%) = [€02) [Coz]in'Fijl LUt % 100 (17)
_ [COlout
SCO (%) N [Co]out+[CH4]out X 100 (18)
_ [CH4]out
SCH4(%) N [Co]out+[CH4]out X 100 (19)

where [i]in and [i]out represent the concentrations of reactants (i = CO3) or products (i = CO or CHy)
at the inlet and outlet of the reactor, respectively. Fin and Fou are the total flow rates (cm3/min) at the

inlet and outlet of the reactor, respectively.

2.4.3. Photocatalysis

Photocatalytic tests were conducted to assess the activity of different photocatalysts, including bulk
g-C3Ny, g-C3N4 nanosheets, and M/g-C3Na, where M represents Ti, V, Cr, Mn, Fe, Co, Ni, Cu, or Zn.
Specifically, the photocatalytic degradation of NO was examined using bulk g-CsNs, g-CsN4
nanosheets, while the degradation of Parabens was investigated using bulk g-CsN4, g-C3Ny4

nanosheets, and M/g-C3Na.

2.4.3.1. Photocatalytic Degradation of NO

The photocatalytic activity of the samples was assessed by removing approximately 600 ppb of NO
in a continuous flow reactor operating at ambient temperature. A 10 W visible LED light source
(4000K)) was placed vertically outside the reactor. To prepare the photocatalyst, 0.2 g of the material
was combined with 10 ml of methanol and subjected to ultrasonication for 20 min. Subsequently, the
resulting suspension was coated onto a glass substrate with an area of 64 cm?. To remove the solvent
from the coated substrate, it was preheated at 60 °C. Within the reactor, a mass flow controller was
employed to maintain a constant gas flow rate of 1.5 L/min. The NO gas used in the experiments was
obtained from a compressed gas cylinder containing NO at a concentration of 10 ppm, with the
remaining balance composed of nitrogen (N2). The experimental photocatalytic set-up for the
photocatalytic degradation of NO is presented in Figure 2.11. The relative humidity of the system

was adjusted between 10% and 60% by directing zero air streams through a gas washing bottle. Once
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the adsorption-desorption equilibrium was achieved, the LED lamp was switched on to initiate the

photocatalytic reaction.

NO/N,

Zero gas
Flow meters
Bypass line
Photocatalytic box
LED panel
Sample

NOx Analyzer
Exhaust

DRONOUAEWNPR

_i?‘igure 2.11. Experimental photocatalytic set-up for the photocatalytic degradation of NO.

The NO and NO: concentrations were continuously measured using a NOx analyzer (Thermo

Environmental Instruments, Model 421). The removal ratio of NO (1) was calculated as follows:

1 (%) = (1—=C/Cy) x 100 (20)

where C and Cy are the NO concentrations in the outlet stream and feed stream, respectively.
The photocatalytic oxidation rate of NO is defined by Eq. (21), where F (m?/s) is the flow rate, A
(m?) is the illuminated photocatalyst area and Co, C (ug/m?) is the inlet and outlet NO concentrations,

respectively.

r(% = (C,— C)F/A 1)

2.4.3.2. Photocatalytic Degradation of Parabens
The photocatalytic degradation of single parabens or a mixture of them was investigated using CNB

and CNNs as catalysts. The experiments were conducted on a solar simulator (Mega Lab, model
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MegCeraX10) equipped with a 300 W xenon lamp and an Air Mass 1.5 Global Filter, which
simulated solar irradiation (> 280 nm).

In a typical experiment, a reaction vessel was loaded with 100 mL of an aqueous solution containing
10 mg/L of MP, EP, PP, or a mixture of these parabens (10 mg/L for each paraben). The solution was
maintained at ambient temperature and continuously stirred. To achieve adsorption-desorption
equilibrium, 50 mg of the as-prepared photocatalyst was added to the reaction solution, followed by
stirring in the dark for 30 minutes. After this period, samples were collected at specified time
intervals and filtered using a 0.45 pm diameter glass microfiber Whatman syringe filter. The
absorbance of the collected samples was measured using UV—Vis spectroscopy (Cary 50, Agilent
Technologies), with the main absorption peak of each paraben occurring at a wavelength of 255 nm.
This measurement allowed for monitoring the degradation of the parabens over time. To evaluate the
influence of other processes, such as photolysis, on the degradation of MP, EP, and PP, control
experiments without catalysts were performed. The experimental photocatalytic set-up for the

photocatalytic degradation of parabens is presented in Figure 2.12.

Figure 2.12. Experimental photocatalytic set-up for the photocatalytic degradation of Parabens.

The removal ratio of parabens (1) was calculated using Eq. (22). Additionally, the reaction rate for
each system was determined, and the decay in the concentration of paraben over irradiation time was

found to follow a pseudo-first-order kinetic rate, as described by Eq. (22) '*:!4:

d(Paraben) _

([Paraben]o
dt

[Paraben]

rate = — k or )=kxt (22)

where [Paraben]o and [Paraben] denote the Paraben concentration at time zero and t, respectively, t is

the treatment time, and k is the apparent (observed) pseudo-first-order kinetic constant (time™).
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Furthermore, the study explored the impact of catalyst concentration (ranging from 0.1 to 0.75 g/L),
initial paraben concentration (ranging from 0.001 to 0.02 g/L), and the type of irradiation using
CNNs as the photocatalyst and MP as the model pollutant. For experiments conducted under visible
irradiation, a filter with a 420 nm cut-off was utilized.

Moreover, the reactive species involved in the photocatalytic process were identified by introducing
different scavengers. Specifically, 10 mM isopropyl alcohol (IPA) and disodium
ethylenediaminetetraacetate dihydrate (EDTA-Naz) were employed as scavengers for *OH and h+
species, respectively. Additionally, to suppress the presence of *O>", a photocatalytic experiment was
performed under a nitrogen atmosphere.

To assess the reusability of CNNs, three cycles of photocatalytic reactions were conducted. After
each cycle, the MP solution containing CNNs was subjected to centrifugation, followed by washing
the precipitate with water. This process was repeated by conducting another round of centrifugation
and allowing the photocatalyst to dry overnight, thereby isolating the photocatalyst for subsequent

usage.
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Chapter 3

Effect of TiO2 and ZnO dopants on the physicochemical properties of
ceria nanorods: Implications in CO Oxidation

Chapter 3 focuses on the
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explored. Four different preparation methods were employed for the synthesis of ceria-titania
nanomaterials: the one- and two-stage hydrothermal methods, precipitation, and Stober. Among these
methods, Stober exhibited the highest CO oxidation performance.

The second part of the chapter focuses on investigating the influence of ZnO content on the
physicochemical properties of CeO2/ZnO mixed oxides. Using the hydrothermal method, a series of
bare CeO2 and ZnO oxides, as well as CeO2/ZnO mixed oxides with varying Zn/Ce atomic ratios
(0.2, 0.4, 0.6), were prepared. The catalytic results demonstrate the superior performance of the
mixed oxides as compared to the individual components.

Additionally, the chapter explores the relationship between the catalytic activity and the oxygen
storage capacity (OSC) of both CeO>/TiO; and CeO2/ZnO systems. The investigation confirms the

significance of OSC as a crucial activity descriptor for reactions following a redox-type mechanism.
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Introduction

Ceria (Ce0Q3) is a metal oxide with great potential for catalytic applications, including CO oxidation

11,12 3-

1= NO reduction +°, water-gas shift reaction "~'°, reforming reactions , and soot combustion !

15, CeO; has gained significant attention in heterogeneous catalysis due to its exceptional features,

16-18 The ease with which it can

such as its high oxygen storage capacity (OSC) and thermal stability
shift between its two oxidation states (Ce**/Ce*") and produce surface and structural defects, like
oxygen vacancies, is responsible for its improved redox behavior %22, Moreover, the development of
ceria particles at the nanoscale is crucial because smaller particles possess distinctive
physicochemical properties that are absent in larger particles. These properties include high specific
surface area, tunable pore size, abundant defects, and adjustable surface chemistry 3232,
Ceria-based metal oxides have attracted significant attention in heterogeneous catalysis as either
supporting carriers or catalysts on their own, mainly due to their distinct surface and structural
features that are significantly different from those of parent oxide 2716172635 The synergistic
interaction between these components often results in unique physicochemical properties that have a
substantial effect on catalytic activity. Among mixed oxides, transition metal-based oxide catalysts
are particularly important due to their peculiar chemisorption properties. Introducing various
transition metals into the ceria carrier can cause significant physicochemical changes through the
geometric and/or electronic interactions between the different components 16:36-40,

The incorporation of titanium oxide (TiO2) into the ceria lattice can have a significant impact on its
physicochemical and redox properties, and consequently, on its catalytic performance. While TiO2 is
commonly used as a semiconductor photocatalyst, its photocatalytic performance is limited by its
wide band gap (3.0-3.2 eV) and the easy recombination of electron-hole pairs “>**. In this context,
the combination of TiO2 with ceria is considered a promising approach due to ceria's narrow band
gap and reversible redox couple (Ce®*/Ce*) #1. CeO./TiO, mixed oxides have been studied for
various applications, including the removal of volatile organic compounds (VOCs), the
photocatalytic degradation of organic pollutants, the partial oxidation of methane, the steam
reforming of ethanol, and the oxidation of CO, among others -1,

Various methods have been employed to synthesize ceria-titania mixed oxides, including
hydrothermal 4142445256~ co-precipitation 4>, sol-gel >6%53 microemulsion ®, and incipient
wetness impregnation 857, The preparation method plays a significant role in the morphology and
surface properties of CeO2/TiO2 composites, resulting in different nanostructures such as core-shell
spheres, nanoparticles or nanorods, and flower-like heterostructures 444 525668 For instance, Li et al.

4 prepared ceria—titania nanorods and nanoparticles through the hydrothermal and co-precipitation
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methods, respectively, as noble metal supports, with the CeO2/TiO. support of nanorod-like
morphology exhibiting excellent CO oxidation performance. Additionally, CeO2/TiO; catalysts were
prepared using three synthetic methods (impregnation, co-precipitation, and single-step sol-gel), with
the sol-gel method yielding the most active catalyst for the selective catalytic reduction of NO with
NHs, due to the high surface area of the composites, their excellent reducibility, and the strong
interaction between ceria and titania 2,

Zinc oxide (ZnO) is a wide and direct band gap semiconductor among various transition metal
oxides. It has gained popularity in multiple fields due to its environmental sustainability and low cost
8971 Though zinc is not considered a critical raw material and has no direct impact on environmental
resources, it is abundantly available in the steel industry as one of the main products recovered from
metal scrap recycling processes ’2. In view of this fact, the potential of a cost-effective metal that can
further enhance the catalytic performance of CeO; is crucial from both environmental and economic
perspectives.

Although CeO,-ZnO composites have been widely used in photocatalysis ">, only a few studies
have been conducted on their catalytic applications. Xie et al. ® have reported on the improved CO
oxidation activity of CeO2-ZnO composites, which is attributed to the synergistic interaction between
commercial CeO2 powders and ZnO hollow microspheres. Similarly, the enhanced CO oxidation
performance of three-dimensional ordered macroporous CeO2-ZnO was attributed to the synergistic
interaction between ZnO and CeO, *°.

The oxidation of CO is a well-established probe reaction in various catalytic systems that is used to
gain insight into the structure-property relationships 8. The employment of such a reaction can
provide valuable information and feedback on the catalytic behavior of ceria-titania and ceria-zinc
composites, which have potential applications as catalysts or supporting carriers in various energy
and environmental applications.

In view of the above aspects, this chapter aims to investigate the impact of TiO2 and ZnO as
modifiers for ceria nanorods, to further adjust their surface/redox properties. The first part focuses on
the effect of various synthesis methods, such as one- and two-stage hydrothermal methods,
precipitation, and Stober, on the physicochemical properties and the CO oxidation performance of
Ce0,/TiO2 mixed oxides. The second part focuses on the effect of ZnO content on the
physicochemical properties of CeO2/ZnO mixed oxides. The materials, including pure CeO. and
Zn0O, as well as Ce02/ZnO mixed oxides with varying Zn:Ce atomic ratios (0.2, 0.4, 0.6), were
prepared through the hydrothermal method. The resulting materials were thoroughly characterized
using techniques such as N2 physisorption, XRD, SEM/EDS, TEM, and H>-TPR to reveal the

relationship between materials' structure and activity (see chapter 2.2). Subsequently, the catalytic
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performance of the materials was evaluated in the CO oxidation reaction, serving as a probe reaction

to elucidate the structure-property relationships.

3.1. Experimental

3.1.1. Materials Synthesis

All the chemical compounds used in this chapter were of analytical grade. TiOSO4 (purity > 29%,
Sigma-Aldrich, St. Louis, MO, USA), tetrabutyl titanate (TBOT, purity > 97%, Sigma-Aldrich, St.
Louis, MO, USA), Zn(CH3COO), 2H,0 (purity > 99%, Sigma-Aldrich, St. Louis, MO, USA), and
Ce(NOz3)3:6H20 (> 99.0%, Fluka, Bucharest, Romania) were employed as precursors for the
synthesis of ceria—titania and ceria-zinc samples. HO.CCOxH (purity > 99%, Sigma—Aldrich, St.
Louis, MO, USA), NaOH (purity > 98%, Honeywell Fluka, Seelze, Germany), NHz (25 vol.%,
Sigma-Aldrich, St. Louis, MO, USA), and absolute EtOH (> 99.8%, ACROS Organics, Geel,
Belgium) were also used during preparation.

The catalysts prepared in this chapter (CeOz, CeO2/TiO2-P, CeO2/TiO2-H1, CeO,/TiOz-H2,
Ce02/TiOz-S, Ce02/Zn0-0.2, Ce02/Zn0-0.4, Ce02/Zn0-0.6, ZnO) were synthesized 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 N2 adsorption-desorption
isotherms at —196 °C. The crystalline structure of samples was determined by X-ray diffraction
(XRD). Scherrer's equation was employed to determine the average crystallite size of samples.
Morphological characterization was carried out by Scanning/Transmission Electron Microscopy
(SEM/TEM) analyses. The size distribution of ceria particles and HRTEM analysis were performed
from TEM images using ImageJ software. The redox properties of the samples were assessed by
temperature-programmed reduction under Hz (Hz2-TPR). The characterization techniques are fully

described in Chapter 2 in section 2.2 (Characterization Techniques).

3.2. Characterization studies of Ceria-Titania oxides

3.2.1. Textural/Structural Characterization

Table 3.1 displays the primary textural and structural features of bare CeO, and CeO2/TiO, samples.
Among them, CeO,/TiO2-H1 exhibits the highest BET surface area (100.9 m? g %) as it is prepared
using a one-step hydrothermal method, followed by bare CeO; (73.9 m? g 1), CeO2/TiO2-S (72.0 m?
g 1), CeOa/TiOz-H2 (63.2 m? g 1) and CeO2/TiO2-P (41.5 m? g 1). Notably, there is an increase in the
surface area observed in the CeO./TiO2-H1 sample in comparison to bare CeO.. However,
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Ce02/TiO2-S, CeO2/TiO2-H2, and CeO2/TiO2-P samples demonstrate a decrease in the BET surface
area. Obviously, the preparation method plays a significant role in determining the textural and

structural characteristics of the samples, which will be further elaborated below.

Table 3.1. Textural and structural properties of CeO, and CeO,/TiO2 samples.

BET Analysis XRD Analysis
. Average

BET Pore Average dainy- Lattice Unit Cell  crystallite

Sample Surface : . Parameter : 3
Volume  Pore Size  spacing Volume diameter ex 10
Area 3 (nm) 3
(m? g ) (cm?/g) (nm) (nm) A=b=c (nm) CeOo,

Dxrp (nm)
CeO, 73.9 0.48 24.2 0.314 0.5441 0.1610 13.0 13.0312
CeO2/TiO2-P 41.5 0.13 9.3 0.313 0.5413 0.1586 12.2 11.5455
Ce0O2/TiO2-H1  100.9 0.41 15.0 0.313 0.5419 0.1591 9.4 14.9806
Ce0,/TiO2-H2 63.2 0.48 24.1 0.313 0.5421 0.1593 13.5 10.4426
Ce02/Ti02-S 72.0 0.58 32.0 0.313 0.5422 0.1594 11.8 12.1387

Figure 3.1 (a) displays the adsorption-desorption isotherms of the as-synthesized samples, whereas
Figure 3.1 (b) illustrates the corresponding BJH pore size distribution (PSD). The maximum pore
sizes in all the samples are greater than 3 nm, indicating the presence of mesopores, which is
supported by type IV adsorption-desorption isotherms (Figure 3.1 (a)). The CeO2/TiO2-S sample
possesses the largest pore size (32.0 nm), followed by CeO2 (24.2 nm), CeO/TiO2-H2 (24.1 nm),
Ce02/TiO2-H1 (15.0 nm) and CeO»/TiO2-P (9.3 nm). Furthermore, the PSD of the CeO2/TiO.-S

sample is broader than that of the other samples.
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Figure 3.1. (a) BJH desorption pore size distribution; (b) adsorption-desorption isotherms of bare
CeO2 and CeO,/TiO, samples. Adapted from Reference 84,

In Figure 3.2, the X-ray diffraction (XRD) patterns for all samples are displayed, and the main peaks
observed at planes (111), (200), (220), (311), (222), (400), (331), and (420) correspond to the face-
centered cubic fluorite structure of ceria (Fm3m symmetry, no. 225) 887, The TiO- phase is difficult
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to detect in all samples except for CeO/TiO2-S, which shows a small peak at 20 value ~25°
corresponding to the anatase (TiO2) phase 8-, likely due to the low loading of TiO, combined with
its high dispersion.

To further investigate how the preparation method affects the structural characteristics of CeO2/TiO>
samples, the diii-spacing, lattice parameter, unit cell volume, and crystalline size for the (111)
diffraction peak of ceria were calculated and summarized in Table 3.1. A slight shift in the position
of diffraction peaks was observed in Figure 3.2 (b), which suggests a contraction in the lattice
parameters and unit cell volume of ceria. This phenomenon can be attributed to the successful
incorporation of Ti*" into the lattice of CeO2, which has a smaller ionic radius than ceria 929,
Additionally, the primary crystallite size of ceria was calculated using the Scherrer equation. Bare
CeO: shows a crystallite size of 13.0 nm, while CeO2/TiO2-H1, CeO/TiO,-S, CeO2/TiO,-P, and
Ce02/TiO2-H2 samples exhibit crystallite sizes of 9.4, 11.8, 12.2 and 13.5 nm, respectively. Apart
from the sample prepared by the two-step hydrothermal method (CeO2/TiO2-H2), all the other ceria—
titania samples exhibit a small reduction in the crystallite size of ceria. These slight differences in the
crystallite size and morphology of ceria may be ascribed to various parameters, such as the extent of
calcination and the interaction between heteroatoms, on the growth rate of ceria nanoparticles %%,
Furthermore, CeO./TiO2-H1 exhibited the highest microstrain, followed by CeO,, CeO2/TiO2-S,
Ce02/TiO2-P, and Ce0»/TiO2-H2, as shown in Table 3.1. Microstrain is a well-known measurement
of lattice stress due to lattice distortion, elongation, or contraction 92997, Consequently, the variation

in microstrain indicates a similar trend in the concentration of oxygen vacancies.
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Figure 3.2. (a) XRD patterns of CeO, and CeO2/TiO2 samples; (b) the (111) diffraction peak of
CeO:a.
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3.2.2. Morphological Characterization

Transmission electron microscopy analysis was employed to investigate the morphological features
of ceria-titania nanostructures. Figure 3.3 (a) presents the TEM image of bare ceria nanorods, along
with the particle size distribution (PSD) histograms for the diameter (Figure 3.3 (b)) and length
(Figure 3.3 (c)) of nanorods. The bare ceria sample exhibits a rod-like shape with a diameter ranging
from 10 to 25 nm and a length ranging from 50 to 300 nm. To enhance the clarity of the results, the

PSD histograms provide a visual representation of the distribution of particle sizes.

Count (%)

0

0 5 10 15 20 25 30 0 50 100 150 200 250 300 350 400
Diameter (nm) Length (nm)

Figure 3.3. (a) TEM image of CeOg; Particle Size Distribution (PSD) histograms for the diameter (b)
and length (c) of CeOs..

TEM images of CeO/TiO2-P samples with irregular shapes are presented in Figures 3.4 (a) and (b).
Conversely, CeO2/TiO2-H1 mixed oxides synthesized by the hydrothermal method exhibit a rod-like
morphology, as depicted in Figures 3.4 (c) and (d). Specifically, the CeO./TiO2-H1 sample displays
smaller-sized nanorods, ranging from 25 to 100 nm, as compared to bare CeO2. No separated TiO-
particles are observed, and HRTEM analysis in Figure 3.4 (d) indicates a uniform distribution of
TiO2 within the CeO; host structure. The lattice spacing of 0.36 nm corresponds to the TiO, (101)
crystal plane, and the lattice spacings of 0.31 nm correspond to the CeO> (111) crystal plane,
respectively 2533414350.98-101 'The CeQ,/Ti0O2-H2 sample (Figure 3.4 (e) and (f)) also exhibits a rod-
like morphology but with distinct TiO, nanoparticles in contact with nanorods. This is confirmed by
HRTEM analysis in Figure 3.4 (f). The CeO2/TiO2-S sample in Figure 3.4 (g) also shows a rod-like
morphology, with no separated TiO> particles detected. HRTEM results in Figure 3.4 (h) show a
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uniform distribution of TiO2 around ceria nanorods, with lattice spacings of 0.36 nm corresponding
to the TiO2 (101) crystal plane, and lattice spacings of 0.31 and 0.19 nm corresponding to the CeO
(111) and (220) crystal planes, respectively 253341435098-101 Thys it can be concluded that the

Ce0./TiO2-S sample achieves a uniform distribution of TiO> around ceria nanorods.

Figure 3.4. TEM images of the samples: (a), (b) CeO2/TiO-P; (c), (d) CeO2/TiO2-H1; (e), (f)
CeO02/TiO2-H2; (g), (h) CeO./TiO2-S.
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Elemental mapping of the CeO2/TiO> samples was carried out using SEM/EDS analysis, as depicted
in Figure 3.5. Figures 3.5 (a), (e), (i), and (m) show SEM images of the mixed oxides of ceria-titania,
while Figures 3.5 (b-d), (f-h), (j-1), and (n-p) display the corresponding elemental mapping images.
The results of the SEM/EDS analysis demonstrate a homogeneous distribution of Ce, Ti, and O

elements within the mixed oxides of ceria-titania.
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Figure 3.5. SEM and elemental mapping images of the samples: (a—d) CeO2/TiO2-P; (e-h)
Ce0/TiO2-H1,; (i-1) CeO2/TiO2-H2; (m—p) CeO/TiO2-S.

3.2.3. Redox Properties (H2-TPR)
H>-TPR results can be used to identify and quantify the active oxygen sites in catalysts involved in
reactions that proceed via a surface reduction step, such as CO oxidation. Figure 3.6 illustrates the

reduction profiles of the samples in a temperature range of 100-800 °C. The CeO»/TiO-S,
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Ce02/TiO2-H1, and CeO, samples exhibit a peak in the low-temperature range of 500-700 °C, which
is attributed to weakly bound surface oxygen species and differs from bulk oxygen that is reduced at
higher temperatures (around 750 °C). In contrast, CeO2/TiO2-P and CeO./TiO2-H2 samples do not
display any reduction peaks in the investigated temperature range, indicating their inferior
reducibility, which is consistent with their poor catalytic performance, as will be discussed below.
Moreover, the addition of TiO2 to CeO> leads to a shift in TPR peaks to higher temperatures as
compared to bare CeO3, as shown in Table 3.2. This shift suggests that TiO> incorporation inhibits

the detachment of surface oxygen species during the reduction process.
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Figure 3.6. Ho-TPR profiles of CeO, and CeO/TiO, samples. Adapted from Reference 8.

Regarding H»> uptake, significant differences were observed, corresponding to main TPR peaks
(Table 3.2). CeO/TiO,-S displayed the highest value (1.58 mmol Hz g 1), followed by CeQa/TiO;-
H1 (0.68 mmol Hz g) and CeO2 (0.58 mmol H, g ), resulting in OSC values of 0.79, 0.34, and
0.29 mmol Oz g%, respectively. The TiO, incorporation into CeO2 via the Stober method results in
almost a three-fold increase in the population of reducible/active oxygen species, which are expected
to determine the oxygen exchange kinetics and, in turn, the CO oxidation process via a Mars-van
Krevelen mechanism. The differences in reducibility can be mainly attributed to the extent of ceria-
titania interactions, demonstrating the importance of the preparation method on the intrinsic
characteristics of mixed oxides. Furthermore, a close relationship exists between the catalytic activity

and OSC, as discussed below, which supports the above arguments.
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Table 3.2. Redox properties of CeO, and CeO2/TiO, samples.

Oxygen Storage Capacity Temperature of

Sample (mmol Oz g1) Peak Ngaximum
O
CeO2 0.29 545
Ce02/TiO2-P - -
Ce02/TiO2-H1 0.34 654
Ce02/TiO2-H2 - -
Ce02/TiO2-S 0.79 573

3.3. Characterization studies of Ceria-Zinc oxides

3.3.1 Textural/Structural Characterization

The textural properties of CeO2/ZnO samples, including surface area, pore volume, and pore size,
were determined using nitrogen adsorption-desorption (BET) analysis, and the results are
summarized in Table 3.3. CeO2 nanorods showed the highest BET surface area (79.3 m?/g), while
ZnO exhibited the lowest (7.05 m?/g). The samples ranked in between were CeO,/Zn0-0.2 (76.2
m?/g), Ce0,/Zn0-0.4 (62.2 m?/g), and Ce0,/Zn0-0.6 (56.1 m?/g). Notably, the addition of ZnO
caused a gradual decrease in BET surface area. This trend is in line with the gradual increase in pore

size observed as ZnO content increases, as discussed below.

Table 3.3. Textural characteristics of bare CeO., ZnO, and the CeO2/ZnO samples.

Sample BET Analysis
BET Surface Area Pore Volume Average Pore Size
(m?/g) (cm’/g) (nm)

CeO2 79.3 0.48 242
Ce02/Zn0-0.2 76.2 0.67 34.4
Ce02/Zn0-0.4 62.2 0.65 40.6
Ce02/Zn0-0.6 56.1 0.91 55.9

ZnO 7.1 0.58 23.0

In Figure 3.7 (a) and (b), the adsorption-desorption isotherms and the Barrett-Joyner-Halenda (BJH)
desorption pore size distribution (PSD) of the as-prepared samples are presented. All samples exhibit
a mesoporous pore size distribution, which is supported by the presence of type IV isotherms in
Figure 3.7 (a). The addition of ZnO to the samples leads to an increase in both pore volume and

average pore size, as shown in Table 3.3 and Figure 3.7 (b). Ce02/Zn0-0.6 has the largest pore size
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(55.9 nm) among the samples, followed by CeO2/Zn0O-0.4 (40.6 nm), CeO2/Zn0-0.2 (34.4 nm),
Ce0O2 (24.2 nm), and ZnO (23.0 nm).
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Figure 3.7. (a) N2 adsorption-desorption isotherms and (b) pore size distribution of bare CeO3, ZnO,
and the CeO,/Zn0O samples. Adapted from Reference 12,

Figure 3.8 displays the X-ray diffraction (XRD) patterns of CeO, ZnO, and Ce02/Zn0O (Zn:Ce = 0.2,
0.4, 0.6) mixed oxide phases. The XRD peaks of pure CeO appear at 26 = 28.5°, 33.1°, 47.5°, and
56.3°, corresponding to (111), (200), (220), and (311) planes, respectively, indicating its face-
centered cubic fluorite structure (Fm3m symmetry, no. 225) (JCPDS card: 01-081-0792) 887,
Similarly, the typical hexagonal wurtzite structure (P63mc symmetry, no. 186) (JCPDS card: 01-
079-0208) is observed for pure ZnO with strong peaks at 20 = 31.7°, 34.4°, and 36.2°, corresponding
to (100), (002), and (101) lattice planes, respectively %°#’. The XRD patterns of CeO2/ZnO samples
indicate the formation of mixed oxides with finely dispersed phases of parent oxides, perfectly
matching the indexed CeO. cubic and ZnO hexagonal structures. The ZnO reflections at (100),
(002), and (101) increased with increasing ZnO content, while the XRD profile of CeO remained
unchanged. The sharp diffraction peaks in the XRD patterns suggest well-crystallized as-synthesized

catalysts.
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Figure 3.8. XRD patterns of CeO, ZnO, and the CeO./ZnO samples.

The average crystallite size of the samples was calculated using the Scherrer equation and is

presented in Table 3.4. Pure ZnO exhibited a larger crystallite size (34.5 nm) than bare CeO, (13.0

nm). In CeO2/ZnO samples, the addition of ZnO led to a slight decrease in the crystallite size of

CeO., while the crystallite size of ZnO increased. The lattice parameters of mixed oxides remained
unaffected, indicating well-dispersed phases of the constituent oxides (Table 3.4).

Table 3.4. Structural characteristics of CeO, ZnO, and the CeO2/ZnO samples.

XRD Analysis
Samples Phase detected Average crystallite size, Lattice Parameter
Dxrp (nm) (nm)
CeO, ZnO
CeO2 Cerium(IV) oxide 13.0 - a=b=c=0.543
Cerium(I'V) oxide 12.1 44 .4 a=b=c=0.544
€e0:/Zn0-0.2 Zincite a=b=0327, c=0.523
Cerium(I'V) oxide 11.9 44.6 a=b=c=0.543
Ce02/Zn0-0.4 Zincite a=b=0.326, c = 0.523
Cerium(IV) oxide 11.6 39.3 a=b=c=0.544
Ce02/Zn0-0.6 Zincite a=b=0.327,c=0.523
ZnO Zincite - 34.5 a=b=0.327,c=0.523
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3.3.2. Morphological Characterization

The morphology of CeO2, ZnO, and CeO2/ZnO mixed oxides was analyzed using SEM and TEM
techniques. Figure 3.9 illustrates the SEM and TEM images of bare CeO> and ZnO. In particular, the
images of pure ZnO (Figure 3.9 (a), (b)) reveal an irregular morphology, ranging from 50-100 nm in
size, while bare CeO- (Figure 3.9 (c), (d)) shows a distinct rod-like morphology, ranging from 50—
200 nm in length (see sub-section 3.2.2).

20kV . X20,000 = 1pm

Figure 3.9. SEM and TEM images of (a), (b) ZnO and (c), (d) CeOo, respectively.

The TEM images of the CeO2/ZnO mixed oxides are presented in Figure 3.10 (a)-(c). It is revealed
that the mixed oxides display the rod-like morphology of CeO. nanorods, while separated ZnO
particles with irregular morphology are also detected. These observations are consistent with the
XRD results, which suggest the formation of distinct oxide phases. Additionally, scanning electron
microscopy analysis coupled with energy-dispersive X-ray spectrometry (SEM/EDS) was conducted
to perform elemental analysis on the CeO2/Zn0-0.2 sample. Figure 3.10 (d) shows the corresponding
SEM image along with the elemental analysis. The SEM/EDS analysis indicates a Zn:Ce atomic
ratio of approximately 0.19, which is in good agreement with the nominal Zn/Ce ratio. This suggests
a uniform distribution of CeO. and ZnO phases throughout the entire material.
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Figure 3.10. TEM images of (a) CeOz/ZO—O.Z, (b) Ce02/Zn0-0.4, and (c) CeO
SEM/EDS analysis of the CeO2/Zn0O-0.2 sample.

2/Zn0-0.6; (d)

3.3.3. Redox Properties (H2-TPR)

The quantity and quality of active oxygen sites in catalysts can be determined through H>-TPR
experiments, which is crucial for redox-type reactions such as CO oxidation. Figure 3.11 illustrates
the reduction profiles of bare and mixed oxides in the 100-800 °C temperature range. The CeO:
sample displays a peak (peak C) at 500-700 °C, which is attributed to loosely bound surface species,
in contrast to the bulk oxygen that is reduced at temperatures exceeding 700 °C 319319 The pure
ZnO sample, on the other hand, exhibits two broad peaks (peak A and peak B) in the 150-300 °C and
410-530 °C regions, which correspond to the reduction of hydroxyl species associated with ZnO and
the surface oxygen reduction from ZnO, respectively 1%, Furthermore, the reduction of Zn?* to Zn°
has been reported at 465 °C in pristine ZnO . The TPR profiles of CeO2/ZnO samples demonstrate
distinct peaks from both CeO. and ZnO phases. Interestingly, unlike CeO./TiO2> mixed oxides (see
sub-section 3.2.3), the addition of ZnO to CeO2 does not shift TPR peaks, implying that ZnO and
CeO- in the mixed oxides are structurally independent. This finding is consistent with the XRD and
TEM results, which show distinct ZnO nanoparticles near CeO., nanorods without any Zn

incorporation into the nanostructure of CeO2 nanorods.
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Figure 3.11. H.-TPR profiles of CeO, and the CeO2/Zn0 samples. Adapted from Reference 2,

To gain greater insight into the effect of ZnO on the reducibility of CeO2/ZnO oxides, the H> uptake
in the temperature range of 50-700 °C was estimated by quantifying the TPR peaks (Table 3.5).
Interestingly, ZnO addition leads to an increase in H2 uptake in the CeO2/ZnO samples, suggesting
an easier detachment of surface oxygen species. It is also worth noticing the increase of H. uptake
related to ceria reduction (peak C), despite the gradual decrease of ceria content. This indicates that
ceria capping oxygen is easily reduced with an increase in ZnO content. All mixed oxides exhibit a
total H> consumption of ca. 1.0 mmol H»/g, as compared to 0.59 and 0.31 mmol H>/g of bare CeO>
and ZnO, respectively.

In terms of oxygen storage capacity (OSC), the trend is as follows: CeO2/Zn0-0.6 (0.52 mmol O2/g)
> Ce02/Zn0-0.4 (0.50 mmol O./g) > CeO2/Zn0-0.2 (0.48 mmol O./g) > CeO, (0.29 mmol O/g) >
ZnO (0.15 mmol O2/g). This order aligns relatively well with the catalytic activity (discussed below),

highlighting the critical role of reducibility. The abundance of reducible oxygen species is expected
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to influence oxygen mobility and, consequently, the CO oxidation process, as will be discussed
further below. Overall, this data sheds light on how ZnO impacts the reducibility of CeO2/ZnO

oxides and its potential implications for the CO oxidation process.

Table 3.5. Redox features of CeO; and CeO2/ZnO samples.

Sample H: Uptake (mmol H2/g) and OSC (mmol O2/g)
Peak A Peak B Peak C H> Uptake OSC
(mmol Hy/g) (mmol O2/g)

CeO: - - 0.59 0.59 0.29
Ce02/Zn0-0.2  0.15 0.21 0.61 0.97 0.48
Ce02/Zn0-0.4  0.15 0.23 0.63 1.01 0.50
Ce02/Zn0-0.6 0.16 0.25 0.63 1.04 0.52
Zn0O 0.14 0.17 - 0.31 0.15

3.4. Implication in the CO oxidation reaction

3.4.1. CO Oxidation Performance of CeO2/TiO2

To gain insight into the effect of the different preparation methods on the catalytic performance of
the CeO,/TiO, samples, their CO oxidation performance was investigated. Figure 3.12 depicts the
CO conversion at various temperatures for CeOz and CeO2/TiO2 samples, with a commercially
available TiO, sample from Evonik Industries used as a reference material. The results indicate that
the preparation method strongly influences the nanostructure of the samples, which is consistent with
previous findings 2. Among the samples tested, the CeO2/TiO,-S sample prepared using the Stdber
method exhibited the best CO conversion performance, as demonstrated in Figure 3.12. The CeO>
and CeO»/TiO2-H1 samples showed similar catalytic behavior, but both required approximately 30
degrees higher temperatures than the CeO2/TiO>-S sample. On the other hand, mixed oxides of ceria-
titania prepared by precipitation and two-step hydrothermal methods exhibited negligible CO
conversion performance, namely ~8% and 22% at 500 °C, respectively, indicating the key role of the
synthesis procedure. Finally, the bare TiO> sample was found to be inactive within the range of

temperatures investigated.
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Figure 3.12. Conversion of CO with temperature for CeO», TiO2, and CeO2/TiO2 samples.
Reaction conditions: 0.2 vol.% CO, 1 vol.% O, GHSV = 40,000 h™. Adapted from Reference 8.

To fully comprehend the impact of the preparation procedure and catalyst composition (bare or
mixed oxides) on the intrinsic reactivity, the different textural properties among the as-prepared
samples (Table 3.1) should be considered. The specific activity of the catalysts was therefore
calculated in terms of catalyst surface area (umol m 2 s™t) and mass (umol gt s71) under differential
reaction conditions with Xco < 15%, T = 200 °C, and GHSV = 40,000 h%, which helps to reveal the
relationship between CO oxidation activity and textural properties. The results are summarized in
Table 3.6 and clearly show that CeO2/TiO2-S demonstrates by far the optimum catalytic
performance, in terms of conversion as well as of specific activity, indicating its superiority.
Additionally, a stable conversion performance (ca. 99% CO conversion) was achieved at 400 °C in

short-term (12 h) stability experiments.

Table 3.6. Conversion of CO and specific rates of CeO and CeO>/TiO> samples at 200 °C. Reaction
conditions: 0.2 vol.% CO and 1 vol.% O3 in He.

Specific Rate
Sample CO Conversion r r (x100)
(%) (umol g 's™") (umolm?s!)

CeO2 5.1 0.056 0.075
Ce0O2/TiO2-P 1.9 0.021 0.050
Ce02/TiO:2-H1 53 0.058 0.057
Ce02/TiO2-H2 3.0 0.033 0.052
Ce02/TiO2-S 11.1 0.121 0.168
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The results of this chapter can be interpreted by a Mars-van Krevelen, redox-type mechanism, which
mainly involves CO chemisorption towards the formation of Ce®"-CO species, O, activation on the
oxygen vacancies of ceria, and active oxygen species formation 1°81%°_ The reaction occurs between
chemisorbed CO and adjacent active oxygen, followed by regeneration of active sites and
replenishment of oxygen vacancies by gas phase oxygen participated in sequential catalytic cycles
108,109_

The above mechanism clearly explains the crucial role of redox properties during the CO oxidation
process over CeOz-based oxides. The CeO2/TiO2-S sample showed superior oxidation performance
compared to the other samples, thanks to its high oxygen storage capacity (Table 3.2), which is
linked to improved oxygen exchange kinetics and reducibility. In a recent study, it was shown that
CeO, composites with rod-like morphology have improved redox properties due to their abundance
of defects and oxygen vacancies, leading to better catalytic performance. This was demonstrated by
both in-situ and ex-situ techniques ?°. These structure-activity relationships are supported by the
linear relationship between the specific reaction rate (umol g * s ) and the redox properties (OSC,
mmol Oz g1), as shown in Figure 3.13.
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Figure 3.13. Relationship of the specific activity and the oxygen storage capacity of as-prepared
samples. Adapted from Reference 8,

Taking into account the aforementioned factors, the superior performance of the CeO2/TiO.-S
catalyst can be attributed to the abundance of weakly bound oxygen species, which results in greater
oxygen storage capacity and reducibility, as identified by H>-TPR. This can be ascribed to the
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beneficial role of the Stober method towards achieving highly homogenized composites with rod-like
morphology, in which no distinct separation between ceria and titania phases was observed. Hence, it
can be argued that the Stober method may promote a synergistic interaction between ceria and
titania, facilitating the formation of oxygen vacancies and promoting the redox interplay between the
interfacial sites, leading to a higher concentration of active oxygen species. In line with the above
discussion, it has been revealed using DFT calculations that the formation of oxygen vacancies and
Ce®" sites is energetically favored at the ceria—titania interface 1°,

Although bare titania is not catalytically active in CO oxidation, the combination of titania with
CeO> could result in highly active CeO/TiO2 mixed oxides through a synergistic interaction (Figure
3.12). However, the synthesis method strongly affects the performance of the mixed oxides. For
instance, the hydrothermal method, whether conducted in one or two steps, does not improve, but
may even worsen the catalytic activity as compared to bare ceria, whereas the Stober method does
indeed enhance the catalytic performance. Specifically, the addition of titania into ceria nanorods
through the hydrothermal method (CeO./TiO2-H1) clearly enhanced the textural properties (surface
area), without improving the catalytic performance. This can be explained by taking into account the
distinctive shift of the TPR peak to a higher temperature (Figure 3.6, Table 3.2), indicating a harder
partial Ce** — Ce®" reduction and detachment of O atoms, i.e., lower reducibility and an increase in
oxygen vacancy formation energy. The hydrothermal method has no significant effect on the
concentration of reducible oxygen species, as shown by the similar OSC values between CeO> and
Ce02/TiO2-H1 (Table 3.2). In contrast, although the Stober method slightly inhibits surface oxygen
reduction (shift of TPR peak to higher temperature), it drastically increases the population of active
oxygen species, resulting in a three-fold increase in OSC as compared to that provided by the
hydrothermal method. In summary, CeO/TiO2-S samples exhibit superior catalytic performance in
comparison to bare CeO2, highlighting the beneficial effect of the synthesis method and the
incorporation of a second oxide phase. These materials could serve as supporting carriers for various

transition metals, facilitating the transition to a noble metal-free catalysis.

3.4.2. CO Oxidation Performance of CeO2/ZnO

Figure 3.14 illustrates the conversion profiles of CO over temperature for bare ZnO, CeO2, and
Ce02/ZnO mixed oxides. The results clearly indicate that all mixed oxides exhibit superior
performance as compared to the bare materials. Among the mixed oxides, there is a similar level of
performance, with CeO2/Zn0-0.4 showing a slightly better performance. To better understand the
influence of the preparation method and the synergistic interaction between the different

counterparts, the catalytic performance of a mechanical mixture (CeO2+Zn0-0.4) with the same
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composition as the optimum sample (CeO./Zn0-0.4) was explored in parallel. The results show that
the bare ceria nanorods (CeO) exhibit a catalytic profile shifted ca. 30 °C towards higher
temperatures as compared to the optimum CeO./Zn0O-0.4 sample. On the other hand, ZnO is
significantly less active, with a profile located ca. 170 °C higher. Most importantly, the conversion
profile of the mechanical mixture (CeO2+Zn0-0.4) is shifted approximately 100 °C towards higher
temperatures as compared to that of CeO./Zn0-0.4. This observation highlights the beneficial
interaction between CeO> and ZnO, which is induced by the preparation method employed (see

experimental section).
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Figure 3.14. CO conversion profiles of CeO, ZnO, and CeO2/ZnO samples.
Adapted from Reference 1%,

To gain a deeper understanding in the intrinsic activity of the investigated samples, the specific
activity was estimated, both in terms of catalyst mass (umol g * s71) and surface area (umol m 2 s™%),
as shown in Table 3.7. The results clearly indicate that the CeO2/Zn0O-0.4 sample exhibits the
highest performance in both conversion and mass-normalized specific activity, highlighting its
superior reactivity. However, it should be noted that in terms of area-normalized activity, bare ceria
and mixed oxides demonstrate lower activity as compared to bare ZnO. This can be attributed to the
low surface area of ZnO (7.1 m?/g), which is approximately one order of magnitude lower than that
of bare CeO; and CeO2/ZnO mixed oxides. Therefore, based on these findings, the enhanced
catalytic performance of CeO2/ZnO mixed oxides can be attributed to a compromise between redox

and surface properties. Furthermore, the optimum CeO2/Zn0O-0.4 sample exhibits an apparent
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activation energy (Ea) of 32.1 kJ/mol, which is significantly lower than that of bare ceria (44.2
kJ/mol), ZnO (42.1 kJ/mol), and the mechanical mixture of CeO2+Zn0-0.4 (43.2 kJ/mol). These
results reveal a lower energy barrier for CO oxidation over the hydrothermally prepared mixed
oxides in comparison to the individual ones and the mechanical mixture, thereby demonstrating the

beneficial synergistic interactions induced by the synthesis procedure.

Table 3.7. Conversion of CO and specific rates of CeO2 and CeO2/ZnO samples at 200 °C. Reaction
conditions: 0.2 vol.% CO and 1 vol.% O2 in He.

Specific Rate
Sample CO Conversion rooor (x 100)_2
(%) (umol g™ (umol m
s s
CeO2 5.1 0.056 0.070
Ce02/Zn0-0.2 5.4 0.059 0.077
Ce02/Zn0-0.4 6.9 0.075 0.121
Ce02/Zn0-0.6 6.2 0.068 0.121
Zn0O 1.3 0.014 0.201

The CO oxidation process investigated can be supported by a redox-type (Mars—van Krevelen)
mechanism. This mechanism specifically involves CO chemisorption on Ce®" active sites, followed
by oxygen activation on oxygen vacancies 12>l CO oxidation takes place between the Ce>*—~CO
and adjacent oxygen species, followed by the regeneration of active sites and the reoccupation of
oxygen vacancies through gas-phase oxygen, as also described in sub-section 3.4.1.

Considering the mechanistic aspects discussed above, the catalyst's redox properties play a crucial
and evident role in its performance. Notably, the catalyst's high oxygen storage capacity, as
demonstrated in Table 3.5, along with the improved reducibility and oxygen exchange kinetics,
significantly contribute to its enhanced oxidation performance. Any modifications in the structure or
composition of ceria that affect the ceria-oxygen or ceria-oxygen-metal bond can facilitate the
activation of O, leading to CO oxidation. Recent findings have highlighted the fundamental
importance of CeO2 nanorods' increased reducibility, which is attributed to an abundance of oxygen
vacancies, in achieving superior catalytic performance 2°. Furthermore, as discussed in sub-section
3.4.1, the incorporation of a transition metal element, even if catalytically inactive (e.g., Ti), into the
structure of ceria nanorods can influence the coordination environment of oxygen species, thereby
impacting the oxygen storage capacity (OSC) and the overall catalytic performance.

These arguments regarding the essential role of reducibility are strongly supported by the direct

relationship between the redox properties (OSC, mmol O, g!) and the normalized reaction rate
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(umol g s), as depicted in Figure 3.15. It is noteworthy that the significance of oxygen storage
capacity (OSC) as an activity indicator is further highlighted in this chapter by incorporating relevant
data from sub-section 3.4.1, in which bare CeO, and CeO/TiO> oxides were investigated, as
presented in Figure 3.15. This inclusion is particularly important in advancing the development of
cost-effective and highly efficient metal oxides by appropriately manipulating their redox

characteristics.
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Figure 3.15. Correlation of specific activity with oxygen storage capacity (OSC). Scientific data are
also included. Specific rates were obtained at 200 °C under the reaction conditions: 0.2 vol.% CO
and 1 vol.% O- in He. The line simply represents the general trend of the data. The designation of the
samples inside the figure refers to the CeO2/TiO, samples from sub-section 3.4.1.

Adapted from Reference 1%,

Regarding the present findings, it is evident that while bare ZnO exhibits significantly lower catalytic
activity as compared to CeO> (Figure 3.14), their combination leads to a synergistic effect in the
formation of CeO2/ZnO mixed oxides with improved activity. This synergistic interaction was
observed in TiO2-doped CeO: systems, where the doping element was incorporated into the
nanostructure, resulting in the formation of active Ce-O-Ti sites. Notably, in this chapter, ZnO is not
integrated into the structure of CeO2 nanorods. As evident from TEM images (Figure 3.10), ZnO
nanoparticles are in close interaction with nanorods but clearly as separate particles. This is also
supported by the XRD results (Figure 3.8), which indicate distinct oxide phases without the
formation of a solid solution. Consequently, the enhanced catalytic activity of CeO2/ZnO mixed

oxides, attributed to the presence of active oxygen species and the facile reduction of surface oxygen,
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can be ascribed to the facilitation of ceria capping oxygen reduction by adjacent ZnO nanoparticles.
This, in turn, leads to higher oxygen storage capacity (Figure 3.11 and Table 3.5). Therefore,
although ZnO is not incorporated into the ceria nanorod structure, it significantly contributes to the
reduction of surface oxygen, most likely through the interfacial ZnO-CeO: sites. This combination,
along with the abundance and lower cost of zinc as compared to cerium oxide, constitutes an

intriguing aspect in terms of catalyst design.

3.5. Conclusions

In Chapter 3, the synthesis, characterization, and catalytic evaluation of TiO;- and ZnO-doped ceria
nanorods are investigated.

Ceria-titania mixed oxides were prepared by the hydrothermal, Stéber, and precipitation methods.
The CO oxidation was used as a probe reaction to reveal possible structure-property relationships.
The following order, in terms of CO conversion, was obtained: CeO2/TiO2-S > CeO/TiOz-H1 >
CeO2 > Ce0/Ti02-H2 > CeO2/TiO2-P > TiO;. A characterization study by various complementary
techniques revealed the significant effect of the synthesis procedure on the textural, morphological,
and redox features. Despite the inferior textural properties of the mixed oxides synthesized by the
Stober method, they exhibit the best catalytic performance, which can be ascribed to their improved
reducibility, associated with their relative abundance in loosely bound oxygen species and high
oxygen storage capacity. The Stober method leads to rod-shaped ceria nanoparticles uniformly
decorated by titania, which can be considered responsible for synergistic ceria-titania interactions
towards an increased population of highly reducible active sites.

Ce02/ZnO mixed oxides were synthesized via a two-step hydrothermal method, and a
comprehensive characterization study was conducted to examine their texture, structure,
morphology, and redox properties. In order to understand the relationship between structure and
activity, CO oxidation was once more used as a probe reaction. The results showed the following
order in terms of both CO conversion and specific activity: CeO2/Zn0O-0.4 > Ce02/Zn0O-0.6 >
Ce02/Zn0-0.2 > CeO2 > ZnO. Interestingly, despite the appearance of the distinct ZnO and CeO-
phases in the mixed oxides and the low reactivity of pure ZnO, the mixed oxides exhibited improved
catalytic performance as compared to the individual oxides. This enhancement in catalytic
performance can be attributed to the synergistic interactions between CeO and ZnO, which led to
enhanced oxygen mobility and reducibility. Notably, a strong correlation was found between the
catalytic activity and the oxygen storage capacity (OSC), which is in agreement with the findings of
ceria-titania catalysts and highlights the importance of OSC as a key activity descriptor for reactions

involving a redox-type mechanism.
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Overall, this chapter emphasizes the significance of the rational design of noble metal-free mixed
oxides towards the development of highly active materials that could be used as catalysts or

supporting carriers in various environmental and energy applications.
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Chapter 4

Effect of Active Phase Nature and ZnO promotion on CO:
hydrogenation performance of Ceria-based Catalysts

Chapter 4 delves into the
investigation of the non-
noble metal phase nature
and ZnO promotion effects
the

on physicochemical

properties and CO2

hydrogenation performance

of  ceria-based  nano-
catalysts. The study
initially  examines the
different metal phases'
influence on  catalytic
activity, highlighting the

significant enhancement of
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CO: methanation with the combination of nickel and ceria. Subsequently, the research focuses on

Ni/CeOz-nanorod catalysts, exploring the role of Ni particle size and the impact of ZnO promotion

on the reaction mechanism. Notably, Ni/ZnO and Ni/CeO;-ZnO catalysts exhibit selective CO

production while effectively suppressing CO: methanation compared to Ni/CeO: catalysts.

Additionally, a preliminary study investigates the use of CeO: triangles as supporting carriers for the

Ni active phase in CO; hydrogenation, comparing the results with those of a nickel catalyst

supported on commercial CeO,. These findings provide valuable insights for the development of

efficient catalysts for CO2 hydrogenation.
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Introduction

The scientific community widely accepts that the continuous increase in CO, emissions in the Earth's
atmosphere since the beginning of industrialization is the primary cause of the planet's temperature
rise over the past two centuries 1. According to the latest report from the Intergovernmental Panel on
Climate Change (IPCC) on the impacts of global warming, global temperatures are projected to rise
by 1.5 °C by the year 2040, compared to pre-industrial levels 23. To address this environmental issue,
mitigation efforts can be categorized into three main approaches: (i) complete or partial replacement
of carbon-based fuels with renewable energy sources (RESs), (ii) implementation of carbon dioxide
capture and storage (CCS) technology, and (iii) the chemical conversion and utilization of CO; to
produce value-added chemicals and fuels *.

The third approach has garnered significant attention in recent decades, particularly concerning CO>
hydrogenation, as it offers a wide range of potential products °. This method presents an effective
means of valorizing CO, emissions and efficiently storing surplus power from non-intermittent
renewable energy sources (such as solar and wind) in the form of “green™ hydrogen. It can be
achieved by either the mildly endothermic reverse water-gas shift (rWGS) reaction (Eg. 1), which
yields CO, or the highly exothermic methanation reaction, commonly known as the "Sabatier
reaction” (Eq. 2), which produces CHa °.

CO, + H, & CO,AH = +41.3 KJ/mol 1)
CO, + 4H, & CH, + 2H,0, AH = —164.7 K] /mol )

In addition to the aforementioned products, CO. hydrogenation can yield other valuable products
such as methanol "%, dimethyl ether 1, formic acid *?, and hydrocarbons 3.

Among these products, carbon monoxide holds significant value as a feedstock in the C1 chemical
industry. Carbon monoxide can be further upgraded through the well-established Fischer-Tropsch
synthesis, enabling the production of various liquid synthetic hydrocarbons and chemicals 4°,
Furthermore, the process of carbon dioxide methanation offers an effective means of converting a
less manageable energy vector, such as gaseous hydrogen, into a high-energy source like methane.
This is particularly advantageous due to methane's volumetric energy density, which is three times
higher than that of hydrogen 6.

In terms of the overall sustainability of the proposed process, it is essential to highlight that the CO>
hydrogenation concept is based on the utilization of "green" Hz, which is derived from the surplus

energy generated by renewable energy sources (RESs) and the concentrated CO2 emissions as
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feedstock. To maximize its efficiency, the CO2 hydrogenation process can be strategically located
near sources of highly concentrated CO. emissions, such as effluent streams from the steel industry
or CO> capture plants. By employing highly active and cost-effective catalysts, significant amounts
of COz can be potentially mitigated while simultaneously producing value-added products like CH4
or CO, which can serve as fuels or feedstock in the chemical industry. Regarding the use of
renewable hydrogen, it can be fully utilized in the hydrogenation process or partially converted into
the electricity required for the reaction. Additionally, excess hydrogen can be directly injected into
the gas grid or used to power vehicles equipped with fuel cells. Numerous comprehensive studies
have been conducted to evaluate the sustainability aspects of the CO: hydrogenation process,
providing further information for interested readers 1",

While CO> hydrogenation can be a promising way to reduce the environmental carbon footprint,
there are several limitations to consider when implementing technologies based on Egs. 1 or 2. The
first limitation arises from the activation of carbon dioxide itself, as it is a fully oxidized and
thermodynamically stable compound that is not energetically favorable to reduce ?2. Consequently,
strong reductants such as Hz or electrochemical-assisted reduction processes are necessary to drive
the reaction 224, In addition to the energy requirements, CO2 hydrogenation also faces kinetic and
equilibrium limitations, necessitating the promotion of reaction rates 2°. To overcome these
challenges, extensive research has explored various catalytic systems, and the literature contains
several reviews summarizing the catalysts investigated for rwGS 22527 and CO, methanation 22-%
reactions. Among the extensively studied catalytic systems are composites consisting of metals
supported on reducible metal oxides (e.g., CeO2, ZrOz) or their combinations. These systems
function as bi-functional catalysts, with the oxide supports primarily providing oxygen vacancies for
CO: activation, while the metal active sites facilitate the dissociation of molecular hydrogen, known
as the hydrogen spillover process 263,

Among the investigated oxide materials, CeO> has garnered significant attention as a supporting
carrier due to its exceptional oxygen mobility and unique redox properties, as cerium can rapidly
change between its two oxidation states (Ce3* and Ce*") 32, Furthermore, ceria is a basic oxide that
facilitates strong interaction and adsorption of CO, 3. In addition to the remarkable redox properties
of bare ceria, extensive research has focused on the development of cost-effective and highly
efficient catalytic composites based on ceria. The incorporation of various non-noble transition
metals (TMs), such as Cu, Co, Ni, and Fe, with ceria has been shown to enhance catalytic activity
and/or selectivity through unique synergistic interactions between the metal and the support -7,
Precious metals like Ru %, Rh *°, and Pd ° have demonstrated good catalytic activity; however, their

high cost and limited availability make them less preferable from a techno-economic standpoint.
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Therefore, the utilization of TM-based catalysts is more favorable, as these metals can achieve
comparable activity to noble metal catalysts at a significantly lower cost *42, In line with this
perspective, our research group has been dedicated to developing inexpensive TM-based catalytic
composites, with a particular focus on 3d metals, namely Ti, V, Cr, Mn, Fe, Co, Ni, and Cu. These
metals have demonstrated the ability to adsorb and activate CO. through charge transfer from the
metal phase to the CO, molecule **. Density Functional Theory (DFT) calculations have confirmed
the spontaneous chemisorption of CO> and favorable thermodynamic properties for Cu, Co, Ni, and
Fe, with Cu, however, exhibiting a weaker interaction 3,

Furthermore, among transition metal-based catalysts, Ni-based catalysts hold a particular interest in
CO2 methanation. This is attributed to the presence of mobile d-orbital valence electrons in Ni atoms,
making them conducive to catalytic activity. Ni-based catalysts offer a combination of cost-
effectiveness, high CO2 conversion at low temperatures, and remarkable selectivity towards methane
production by effectively suppressing CO formation *°3. Recent reviews have highlighted the
advancements in active nickel-based catalysts for low-temperature CO2 methanation >**°. Several
characteristics are known to influence the methanation activity of these catalysts. The nature and
morphology of the support play a significant role %! as well as the synthesis methods and
protocols employed 52%2%% The presence of a second metallic phase has also been found to impact
catalytic performance 672 and nickel content ":73-"> are recognized factors affecting the methanation
activity of these catalysts. The understanding and optimization of these characteristics contribute to
the development of highly efficient Ni-based catalysts for CO. methanation.

Moreover, the catalytic properties of transition metal (TM)--based composites can be further
enhanced through appropriate fine-tuning. One effective approach involves the structural promotion
of the catalyst, aiming to modify various characteristics such as oxygen storage capacity and surface
basicity 6’8, However, it is important to note that the effects of promotion are not always beneficial.

80 which

High concentrations of promoters can lead to defect interactions " or vacancy traps
ultimately reduce the mobility of lattice oxygen. In essence, when two or more metal species are
combined on a support surface, a complex and multifunctional system is formed, exhibiting
intriguing properties arising from the synergy between each oxide and metallic phase. These systems
can display unique characteristics that impact catalytic activity in terms of both reactant conversion
and product distribution 884 For instance, in the case of CO, hydrogenation, the addition of an
appropriate promoter has been shown to induce significant shifts in product distribution 8%, even
for Ni-based catalysts. Ni-based catalysts are widely recognized for their exceptional activity in the

CO,-to-CH4 conversion pathway 8-, However, the factors determining the main product and the
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preferred reaction pathway have not been unequivocally elucidated. Many questions regarding the
promoter-induced changes in catalytic characteristics of materials remain unanswered.

In light of the above, this chapter aims to investigate the impact of non-noble metal phase nature and
ZnO promotion on the physicochemical properties and CO> hydrogenation performance of ceria-
based nanocatalysts. Initially, the study explores the influence of different active metal phases on the
physicochemical properties and catalytic activity of ceria-based transition metal catalysts (M/CeOg,
where M represents Ti, V, Cr, Mn, Fe, Co, Ni, Cu) for CO2 hydrogenation. The results reveal that
bare ceria, Cu/CeO2, Fe/CeOz2, Cr/CeO2, Mn/CeO2, Ti/CeOz, and V/CeO- catalysts exhibit selectivity
towards CO production, while Co/CeQO> and Ni/CeO> catalysts show a strong preference for methane
(CHg4) formation. Particularly, the combination of nickel with ceria significantly enhances the CO>
methanation reaction. Subsequently, the research focuses on investigating the role of Ni particle size
in the CO> hydrogenation performance of Ni/CeOz-nanorod catalysts. Furthermore, the study
explores the effect of ZnO promotion by preparing CeO2/ZnO mixed oxides as supporting carriers
for the Ni active phase. In contrast to the catalytic activity observed for Ni/CeO catalysts, Ni/ZnO
and Ni/CeO2-ZnO catalysts exhibit selectivity towards CO production while significantly
suppressing CO. methanation. These findings underscore the influential role of the ZnO promoter in
determining the reaction mechanism. Additionally, a preliminary study is conducted using CeO>
triangles as supporting carriers for the Ni active phase in CO, hydrogenation. The obtained results

are compared with those obtained from a nickel catalyst supported on commercial CeOx.

4.1. Experimental

4.1.1. Materials Synthesis

All the chemical compounds used in this chapter were of analytical grade.

Ce(NO3)3-6H20 (purity > 99.0%, Fluka), tetrabutyl titanate (TBOT), NH4VOs3, Cr(NO3)3-9H20,
Mn(NO3)2:4H20, Fe(NO3)3-9H0 (> 98%, Sigma-Aldrich), Co(NO3)2:6H20 (> 98%, Sigma-
Aldrich), Ni(NO3)2:6HO (purity > 98%, Sigma-Aldrich), and Cu(NO3);-2.5H,O (Fluka) were
employed as precursors for the synthesis of bare ceria nanorods as well as of ceria-based transition
metal catalysts (M/CeO», M: Ti, V, Cr, Mn, Fe, Co, Ni, Cu). Also, NaOH (purity > 98%, Honeywell
Fluka), absolute EtOH (purity > 99.8%, ACROS Organics), and double-deionized water were used
during materials synthesis.

Zn(CH3COO),-2H>0 (purity > 99%, Sigma-Aldrich), Ce(NO3)3-6H20 (purity > 99.0%, Fluka) and
Ni(NO3)2-6H20 (purity > 98%, Sigma-Aldrich) were employed as precursors for the synthesis of
Ce02/Zn0 and Ni/Ce0,-ZnO samples. HO,CCO2H (purity > 99%, Sigma—Aldrich), NaOH (purity >
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98%, Honeywell Fluka), and absolute EtOH (purity > 99.8%, ACROS Organics) were also used
during preparation.

Ce(CH3CO2)3-xH20 (purity > 99.9%, Sigma—Aldrich) and Ni(NO3)2-6H20 (purity > 98%, Sigma-
Aldrich) were used as precursors for the synthesis of bare ceria triangles as well as of Ni/CeO> TR.
Also, urea (purity > 99.5%, Sigma—Aldrich), ethylene glycol (EG, purity > 99.5%, Merck), absolute
EtOH (purity > 99.8%, ACROS Organics), and double deionized water were utilized during
materials preparation.

The catalysts prepared in this chapter (CeO> NR, M/CeQ;, ZnO, Ce02/ZnO-x, Ni/CeOz-ZnO-x,
Ni/ZnO, CeO> TR, Ni/CeO; TR) were synthesized 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.

4.1.2. Materials Characterization

The N> adsorption-desorption isotherms at —196 °C were used to determine the textural properties of
the catalysts. X-ray diffraction (XRD) was employed to identify the crystalline structure of the
samples. The average crystallite size of the samples was determined using Scherrer's equation (refer
to Eq. 1 in Chapter 2). Scanning/Transmission Electron Microscopy (SEM/TEM) analyses were
conducted to examine the morphology of the catalysts. To analyze the size distribution of ceria
particles and perform HRTEM analysis, TEM images were processed using Imagel software. X-ray
photoelectron spectroscopy (XPS) analyses were conducted to determine the surface composition
and chemical state of each element. The redox properties of the samples were evaluated through
temperature-programmed reduction under H» (Hz-TPR). A comprehensive description of these
characterization techniques can be found in Chapter 2, specifically in Section 2.4 (Characterization

Techniques).

4.2. Characterization Studies of Ceria-Based Transition Metal Catalysts

4.2.1. Textural/Structural Characterization
Table 4.1 presents an overview of the key textural and structural properties of both bare CeO> and
TM/CeO, samples. Bare CeO, demonstrates a BET surface area of 79.3 m?/g. However, upon

incorporating transition metals into the ceria support, a slight decrease in the BET area was observed.
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Table 4.1. Textural and structural properties of CeO> NR and M/CeO> (M: Ti, V, Cr, Mn, Fe, Co, Ni,
Cu) samples.

Sample EDS analysis XRD analysis TEM analysis
Atorpic M loading (rsrl%‘j;) Average Crystallite Size ~ MxOy particle
ratio (nm) size
M/Ce (wt.%) CeO2 MxOy (nm)
CeO2 NR - - 79.3 11.0 - -
Ti/CeO 0.24 6.3 - 11.5 20 16.3
V/CeO, 0.28 7.6 - 13.6 45 27.5
Cr/CeO, 0.26 7.2 - 11.2 - 10.1
Mn/CeO> 0.22 6.5 - 10.9 - 15.0
Fe/CeO> 0.21 6.3 68.6 10.6 - 11.2
Co/CeO2 0.26 8.1 71.9 13.2 16 14.8
Ni/CeO> 0.25 7.8 72.1 10.6 14 9.7
Cu/CeO2 0.25 8.6 75.4 13.9 17 15.8

Figure 4.1 illustrates the XRD patterns obtained for bare CeO2 NR and M/CeO> (M: Ti, V, Cr, Mn,
Fe, Co, Ni, Cu) samples. The primary diffraction peaks of bare CeO> NR can be attributed to the
(111), (200), (220), (311), (222), (400), (331), and (420) planes, indicating a face-centered cubic
(FCC) fluorite structure of ceria with Fm3m symmetry (no. 225) °2. For the Ti/CeO,, Co/CeO,
Ni/CeO2, and Cu/CeO> samples, smaller peaks corresponding to their respective oxides were
detected. These observations suggest the presence of TiO2, Co304, NiO, and CuO in the Ti/CeO,,
Co/Ce0, Ni/Ce03, and Cu/CeO; samples, respectively, with no other crystal phases detected besides
ceria. Conversely, the Mn/CeQO,, Fe/CeO», and Cr/CeO; samples exhibited no distinct diffraction
peaks, except for the ceria crystal phase. This can be attributed to the low metal loading and high
dispersion of these metals within the CeO support. In the case of V/CeO, in addition to the
characteristic peaks of ceria, a series of XRD peaks were observed at 20 values around 18.2°, 24.0°,
32.4°, 34.2° 39.0°, 43.5°, 46.4°, 47.9°, 49.2°, 55.5°, and 60.2° . These peaks correspond to the
(101), (200), (112), (220), (301), (103), (321), (312), (400), (420), and (332) planes of Ce(VOs).
Hence, it can be inferred that the impregnation method resulted in the formation of a mixed crystal

phase in the V/CeO; sample, consisting of CeO> and Ce(VOs).
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Figure 4.1. (a) XRD patterns of CeO2 NR and M/CeO; (M: Ti, V, Cr, Mn, Fe, Co, Ni, Cu) samples;
(b) the (111) diffraction peak of CeOx.

The average crystallite sizes of the CeO, and MxOy phases in bare ceria nanorods and M/CeO>
samples were calculated using the Scherrer equation and are summarized in Table 4.1. The results
indicate that the crystallite size of the ceria particles remains relatively unchanged upon the
incorporation of transition metals, suggesting that the structural properties of ceria remain unaffected
by the addition of metals. Regarding the average crystallite sizes of the active metal phases, Ce(VO4)
exhibits the largest average size of 45 nm, followed by TiO2 with a size of 20 nm. Furthermore, CuO,
C0304, and NiO exhibit sizes of 17 nm, 16 nm, and 14 nm, respectively.

Table 4.2 provides a summary of various characteristics of ceria, including diii-spacing, lattice
parameter, unit cell volume, crystalline size, and microstrain (¢) for the (111) diffraction peak. The
results reveal a slight decrease in the lattice parameters and unit cell volume of ceria, which is
evident from a slight shift in the position of the diffraction peaks, as depicted in Figure 4.1 (b). This
contraction of the ceria lattice can be attributed to the incorporation of transition metal ions with

smaller ionic radii into the ceria lattice, in comparison to the ion radius of ceria (rgp++ > Typy) **%.
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Table 4.2. The di11-spacing, lattice parameter, unit cell volume, crystalline size, and microstrain ()
for (111) diffraction peak of ceria.

Samples di11-spacing Lattice parameter ~ Unit cell volume  Crystalline size ex 107
(nm) (nm) (nm?) (nm)
CeO2 NR 0.3130 0.5416 0.1589 11.0 15.3964
Ti/CeO2 0.3122 0.5408 0.1581 11.5 12.2632
V/CeO2 0.3123 0.5409 0.1582 13.6 10.3124
Cr/CeO2 0.3123 0.5409 0.1582 11.2 12.6005
Mn/CeO» 0.3118 0.5401 0.1575 10.9 12.8525
Fe/CeO2 0.3120 0.5405 0.1579 10.6 13.2889
Co/CeO2 0.3122 0.5407 0.1581 13.2 10.6033
Ni/CeO2 0.3122 0.5408 0.1581 10.6 13.2392
Cu/CeO2 0.3122 0.5407 0.1581 13.9 10.1159
Zn/CeO; 0.3141 0.5440 0.1610 11.5 12.2586

4.2.2. Morphological Characterization

Elemental analysis was performed using a scanning electron microscope (SEM) in combination with

energy-dispersive X-ray spectrometry (EDS) on the M/CeO> (M: Ti, V, Cr, Mn, Fe, Co, Ni, Cu)

samples. The results of the SEM analysis, including the atomic ratio of M/Ce and M loading (%), are

presented in Table 4.1. The obtained atomic ratio of M/Ce is in close agreement with the nominal

atomic ratio. This indicates the successful synthesis of the desired composition. Furthermore, Figure

4.2 shows the SEM images of all M/CeO> samples. From the SEM/EDS analysis, it was observed

that the CeO, and metal phases were uniformly distributed throughout the samples. This suggests a

homogeneous dispersion of the components, which is crucial for achieving the desired properties and

catalytic performance of the material.
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Figure 4.2. SEM/EDS analysis of CeO; and M/CeO> (M: Ti, V, Cr, Mn, Fe, Co, Ni, Cu) sample.

The morphological characteristics of the samples were investigated using transmission electron
microscopy (TEM). TEM analysis, as shown in Figure 4.3, revealed that the nanorod-like
morphology of the CeO» support was maintained even after the incorporation of transition metals.
Additionally, isolated particles of MxOy with an irregular shape were detected in all M/CeO-
samples. The particle size of the MxOy particles varied depending on the specific metal incorporated
into the CeO; lattice. Moreover, the particle size of MxOy (M: Ti, V, Cr, Mn, Fe, Co, Ni, Cu) was
determined through TEM analysis. Figure 4.3 and Table 4.1 illustrate the particle size distribution
obtained for all samples, providing insights into the range of particle sizes observed. These results
are consistent with the crystallographic information obtained from X-ray diffraction (XRD) analysis,
as shown in Table 4.1. The TEM analysis not only confirmed the nanorod-like morphology of the
CeO; support but also highlighted the presence of isolated MxOy particles with an irregular shape in
all M/CeO» samples. The determination of particle size distribution through TEM analysis provided
further insights into the characteristics of the MxOy particles, complementing the XRD results.
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4.2.3. Redox Properties (H2-TPR)

The H>-TPR profiles of the samples were analyzed, including bare ceria (CeO2 NR) and ceria-based
transition metal catalysts (M/CeO2, M: Fe, Co, Cu, Ni) with rod-like nanomorphology. Figure 4.4
presents the H>-TPR profiles for the different samples. CeO2 NR displays two broad reduction peaks
centered at 545 °C and 788 °C, which correspond to the reduction of surface oxygen (Os) and bulk
oxygen (Op) of ceria, respectively °’. In the case of Fe/CeO,, four reduction peaks are observed. The
peaks at 465 °C and 759 °C are attributed to the reduction of ceria surface oxygen and bulk oxygen,
respectively. The peaks at 390 °C and 588 °C correspond to the reduction of iron species, specifically
Fe»0s to Fe;04 and Fe;04 to Fe’ ?8. For the Co/CeQ: sample, two main reduction peaks are observed
at 318 °C and 388 °C, corresponding to the stepwise reduction of Co304 to CoO and CoO to metallic
Co, respectively *°. In the case of Cu/CeQ,, the low-temperature peak at 181 °C is attributed to the
reduction of finely dispersed CuOx species strongly interacting with the ceria surface %, while the
peak at 217 °C is ascribed to the formation of larger CuO clusters on the ceria surface '°'. Nickel-
ceria nanorods exhibit two main peaks at 288 °C and 353 °C. The low-temperature peak is associated

with the reduction of adsorbed oxygen species, leading to the formation of a Ni-O-Ce structure. The
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peak at higher temperatures is attributed to the reduction of the well-dispersed NiO phase, which
interacts strongly with the ceria support 2. All M/CeO, samples display a high-temperature peak in
the range of 747-793 °C, attributed to the reduction of ceria sub-surface oxygen. As shown in Figure
4.4, the incorporation of the metal phase into the rod-shaped ceria catalyst promotes the reduction of
ceria surface oxygen. Except for Fe/CeO,, all M/CeO, samples exhibit main reduction peaks at
significantly lower temperatures than bare ceria nanorods, indicating complete reduction at

temperatures approximately below 500 °C.
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Figure 4.4. H>-TPR profiles of CeO> NR and M/CeO: (M: Fe, Co, Ni, Cu) samples.

Furthermore, as presented in Table 4.3, it is observed that hydrogen consumption exceeds the
theoretical amount for all M/CeO> samples, except for the Fe/CeO, sample. This finding indicates
that the incorporation of the metallic phase greatly enhances the reducibility of ceria nanorods. The

observed synergistic metal-support interactions contribute to this enhanced reducibility.
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Table 4.3. Redox properties of CeO> NR and M/CeO (M: Fe, Co, Ni, Cu) samples.

Theoretical Ha

H> consumption Peak temperature

Sample (mmol Hzg ! (rmjr mﬁgolr)] ) (°C)

CeO2 NR 0.6 - 545 788

Fe/CeO2 1.6 1.9 390 465 588 759
Cu/Ce0O2 1.8 1.3 181 217 793
Ni/CeO> 1.8 1.3 288 353 747
Co/Ce02 24 1.7 318 388 789

!Estimated by the area of the corresponding TPR peaks, which is calibrated against a known amount of CuQ standard sample.
’Calculated as the amount of H: required for the complete reduction of fully oxidized MxOy to M° on the basis of the metal nominal
loading.

4.3. Characterization studies of Ni/CeO2-x

4.3.1. ICP-AES

The nickel content of the samples was quantified using inductively coupled plasma atomic emission
spectroscopy (ICP-AES), and the measured values are presented in Table 4.4. Notably, the actual
nickel values closely align with the nominal Ni loading, indicating the successful incorporation of

the desired amount of nickel into the ceria support.

Table 4.4. Textural characteristics of bare CeO> NR and the as-prepared Ni/CeO;-x samples.

Sample Ni loading (wt.%) BET Analysis
Nominal Actual BET Surface Average Pore
Area (m?/g) Size (nm)

CeO2 NR - - 79.3 24.2
Ni/Ce02-0.10 3.30 3.57 76.9 17.1
Ni/Ce02-0.25 7.86 7.97 72.0 18.3
Ni/Ce02-0.50 14.57 13.80 65.3 14.4
Ni/CeO2-1.00 25.43 23.45 56.5 14.3
Ni/Ce0-1.50 33.84 32.46 51.3 15.8

aDetermined by ICP-AES.

4.3.2. Textural/Structural Characterization
The main textural characteristics of the bare CeO2 NR and as-prepared Ni/CeO;-x samples are

presented in Table 4.4. Upon the addition of nickel, the BET surface area of the support exhibits a

127



consistent decrease. For instance, the surface area decreases from 79.3 m?/g for CeO2 NR to 51.3
m?/g for Ni/CeO»-1.50. However, this reduction in surface area does not indicate significant pore
blockage, as evidenced by the pore size measurements. The bare CeO2 NR exhibits a pore size of
24.2 nm, whereas the average pore diameter of the Ni/CeO»-x catalysts ranges between 14.3 and 18.3
nm.

The crystal structure of the as-prepared Ni/CeO»-x samples was investigated using X-ray diffraction
(XRD), and the corresponding diffractograms are depicted in Figure 4.5. The primary diffraction
peaks observed at 20 = 28.5°, 33.1°, 47.5°, and 56.3° correspond to the (111), (200), (220), and (311)
crystal planes, respectively, and can be attributed to the FCC fluorite structure of ceria (Fm3m
symmetry, no. 225, Reference code: 00-043-1002) °2. Furthermore, the XRD peaks detected at 20 =
44.5° and 51.8° correspond to the (111) and (200) crystal planes, respectively, and are associated
with the characteristic cubic structure of metallic nickel (Ni’) (Fm3m symmetry, no. 225, Reference
code: 01-070-1849) 7. Importantly, no peaks indicative of NiO were observed, confirming the
complete reduction of nickel species during the synthesis procedure. The intensities of the Ni® peaks
exhibit an increasing trend with the increase in Ni loading, while they are below the detection limit
for the Ni/Ce02-0.10 and Ni/Ce0>-0.25 samples. This observation can be attributed to either a
relatively high dispersion of nickel species over the ceria support, the formation of a solid solution
between cerium (Ce) and nickel (Ni), or the amorphous nature of the nickel particles %, as further

discussed below.
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Figure 4.5. (a) XRD patterns of CeO> NR and Ni/CeO»-x samples; (b) the (111) diffraction peak of
Ce0s.
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The quantitative results obtained from the XRD analysis, including ceria (111) and nickel (111)
crystallite size, lattice parameter, unit cell volume, and microstrain (g) for the ceria (111) diffraction
peak, are summarized in Table 4.5. The ceria crystallite size decreases upon the addition of nickel,
although no significant change is observed in the CeO: crystallite size among the Ni/CeOz-x
samples, except for Ni/Ce02-0.25, where a size of 10.3 nm is measured compared to an average
value of approximately 11.3 nm for the other four Ni/CeO»-x samples. In contrast, the crystallite size
of nickel exhibits a significant increase with higher Ni loading. Specifically, the Ni crystallite size
measures 15.4 nm, 26.6 nm, and 31.4 nm for Ni/Ce0,-0.50, Ni/CeO-1.00, and Ni/Ce0,-1.50,
respectively. However, for the Ni/Ce0»-0.10 and Ni/Ce0,-0.25 samples, meaningful results could
not be obtained due to the absence of detectable Ni® peaks in their respective diffractograms.
Nevertheless, it is worth noting that the obtained values generally align with those measured by TEM
(further discussed below).

Moreover, the lattice parameter, unit cell volume, and microstrain (g) calculated from the most
intense planar reflection of CeO> (111) for all Ni/CeO;-x samples are lower compared to bare CeO>
NR. Interestingly, the reduction in these values is particularly pronounced in the case of Ni/CeO»-
0.10, followed by a slight lattice expansion with further increases in nickel content. This behavior is
also reflected in the shift of the diffraction angle, as shown in Figure 4.5 (b). This intriguing
phenomenon is likely a direct consequence of the solubility limit for Ce «» Ni exchange within the
range of 10-12 mol.% (or 3.7-4.5 wt.%) of Ni ' The observed overall contraction of the CeO:
lattice can be attributed to the partial substitution of larger Ce*" ions (7 ,++ = 94 pm) with smaller
Ni*" ions (ry;+2 = 72 pm), forming a NixCeixO2-5 solid solution '®*. Subsequently, with the addition
of more Ni, the solubility limit is exceeded, and the excess Ni ions give rise to interstitial defects,

which are known to slightly increase the lattice parameter '°%1%,

Table 4.5. Structural and morphological characteristics of bare CeO2 NR and the as-prepared
Ni/CeOz-x samples.

XRD Analysis TEM Analysis
CeO2 (111) Average crystallite
Sample day- Lattice ~ Unit Cell diameter, Ni particle Dni
spacing  Parameter Volume &x103 Dxrp (NM) size, dn (%)
(nm) (nm) (nm)® : (nm)
a=Dp=c CeO (111)  Ni (111)

CeO2 NR 0.313 0.5416 0.1589  15.3964 11.0 - - -
Ni/Ce0,-0.10 0.312 0.5406 0.1580 12.3182 11.4 n.d. 9.7+2.9 10.4
Ni/Ce0,-0.25 0.312 0.5408 0.1582  13.5785 10.3 n.d. 104+2.8 9.7
Ni/Ce0,-0.50 0.312 0.5407 0.1581  12.1960 11.5 15.4 144+3.0 7.1
Ni/Ce0,-1.00 0.312 0.5408 0.1582 12.5401 11.2 26.6 20.3+4.3 5.0
Ni/Ce0,-1.50 0.312 0.5409 0.1583  12.4598 11.3 314 24.6 + 8.1 4.1
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4.3.3. Raman spectroscopy

The surface structure and oxygen vacancy density of the as-synthesized CeO> NR and Ni/CeO»>-x
samples were analyzed using visible Raman spectroscopy (Figure 4.6). The Raman spectra revealed
distinct features for all samples. In all Ni/CeOz-x samples, a main peak was observed at
approximately 463 cm ™!, accompanied by a secondary wide peak around 598 cm™! (Figure 4.6 (a)).
On the other hand, CeO, NR predominantly exhibited a peak at ~463 cm™!. Additionally, a peak at
approximately 630 cm™! was specifically identified in the NiCe-0.25 sample, which can be attributed
to the Ni-O-Ce interaction '°’. This peak has also been observed in other studies involving Ni/CeO:
samples with similar nickel content *!°2. The Raman shifts at around 463 cm™! and 598 cm™' are
associated with the Fo, symmetry mode and the defect-induced mode (D band), respectively '°%1%,
The F2g symmetry mode corresponds to the Fm3m cubic fluorite structure of ceria and represents the
dominant Raman-active mode. The occurrence of the D band indicates structural perturbations in the
CeO lattice, which are linked to localized defects and oxygen vacancies induced by the addition of
nickel *>!'°. No peaks related to the NiO phase were detected in the 1080-1180 cm™! region for any
of the Ni/CeO»-x samples, consistent with the XRD findings (Figure 4.5) '''. The peak at ~463 cm™
exhibited increased width and decreased intensity with higher nickel addition. Additionally, the Fag
vibration peak showed a red shift in all Ni/CeO2-x samples, except for the sample with the lowest
loading (Ni/Ce0,-0.10) ', This red shift indicates an increase in lattice distortion upon nickel
addition and a concurrent decrease in the symmetry of the Ce-O bond. It suggests a stronger
interaction at the interphase between nickel and ceria, suggesting the substitution of Ce*" with Ni
ions and the eventual formation of Ni-O-Ce. These findings align with the XRD results (as

mentioned earlier) and corroborate relevant literature studies 1019112,
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Figure 4.6. (a) Raman spectra for bare CeO; NR and Ni/CeO»-x samples; (b) Ip/IF2g ratio for bare
CeO2 NR and Ni/CeO»-x samples.
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Furthermore, the assessment of oxygen vacancy density in the ceria-based catalytic composites can
be achieved by analyzing the ratio of the intensities of the D and F2, bands 9113 denoted as In/Ir2.
In Figure 4.6 (a), the corresponding Ip/Ir2g values for the as-synthesized CeO> NR and Ni/CeO»-x
samples are presented as a function of the nickel loading (Table 4.4). As anticipated, the Ip/Ir2g value
for bare CeO> NR is relatively low, approximately 0.07, since for CeO> nanocrystals this ratio tends
to be much higher in the UV rather than in the visible Raman spectra !'*. However, with the
introduction of nickel, the Ip/Irze ratio significantly increases, particularly for samples with lower
nickel loadings such as Ni/Ce0>-0.10 and Ni/Ce0»-0.25 '3, This notable increase indicates that
nickel plays a crucial role in facilitating ceria reduction. Interestingly, a further increase in the nickel
content only causes a slight variation in the intensity ratio, ranging from approximately 0.6 to 0.7.
This suggests that the concentration of oxygen vacancies is not greatly influenced by higher levels of
nickel incorporation. These findings align with results reported in relevant studies investigating

nickel-ceria catalysts, providing further support for the observed effects 10%110-114,

4.3.4. Morphological Characterization

The morphology of the samples was evaluated using TEM analysis, and representative images are
presented in Figure 4.7. Notably, the nanorod-like morphology of the CeO: support remained
unchanged upon the addition of nickel, regardless of the Ni content. Additionally, isolated sphere-
like Ni particles were observed, as clearly shown in Figure 4.7 (f), which displays a representative
HRTEM image of the sample with intermediate Ni loading, Ni/Ce02-0.50. The well-defined lattice
fringes of both Ni and CeO: indicated the crystalline nature of the sample. The observed lattice
spacings for the Ni and CeO> phases were measured as 0.2 nm and 0.3 nm, respectively. This
confirmed the presence of Ni® particles exposing (111) planes that encounter CeO, (111), providing
further validation for the XRD results (Figure 4.5). Moreover, the image revealed that the Ni cluster

was partially submerged within the nanorod support, exhibiting a quasi-spherical shape.
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Figure 4.7. Representative TEM images and Ni partcle distribution of Ni/CeO2-x samples, (a)
Ni/Ce0,-0.10, (b) Ni/Ce02-0.25, (c) Ni/Ce02-0.50, (d) Ni/CeO2-1.00 and (e) Ni/CeO2-1.50. In (f),
the HRTEM image of Ni/Ce02-0.50 is shown.

The determination of the average Ni particle size (dn) and dispersion (D) was carried out for all
samples using a reliable method known for its accuracy in measuring particle size ''°. Although the
high electron density of CeO: presents challenges in analyzing size distributions through TEM
analysis in some cases *°, Ni particle size distribution (PSD) could be successfully acquired for
Ni/CeO»-x samples. The results are depicted in Figure 4.7 and summarized in Table 4.5. The average
size of Ni particles ranges between 10-25 nm, exhibiting a consistent trend relative to the nickel
loading. To account for the broadness of the PSD observed in the Ni/CeO»-x samples, not only the
number average (arithmetic diameter, dn) but also the surface-weighted (ds) and volume-weighted
(dy) diameters were calculated. Additional details can be found in Section 2.2 (Characterization
Techniques). Figure 4.8 illustrates that all three diameters follow the same trend, although Ni/CeO»-
1.50 shows a more pronounced variability. This suggests a slight agglomeration of Ni particles in this
sample, which could explain the relatively higher particle size value obtained by XRD analysis
(Table 4.5). Taking this into consideration, d, was used in the subsequent calculations regarding the
particle size of Ni and reaction rates (see below).

As anticipated from geometric considerations, the increase of the Ni crystallite size correlates with a
reduction in the dispersion of the metallic phase. This is evident from the measured values of 10.4%

for Ni/Ce02-0.10 and 4.1% for Ni/CeO2-1.50. These findings are consistent with similar results
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reported in previous studies concerning Ni-ceria composites 26117

. To provide a visual
representation of these observations, Figure 4.8 illustrates the average Ni particle size and dispersion
plotted against the actual Ni content of the samples, allowing for a comparative analysis of the

aforementioned trends.
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Figure 4.8. (a) Calculated values for the arithmetic (dn), surface (ds) and volume (dv) mean diameter
for Ni particles obtained by TEM analysis for all Ni/CeO2-x samples; (b) Relationship between Ni
particle size and dispersion (measured by TEM) and Ni loading (determined by ICP-AES) for the as-
prepared Ni/CeO»-x samples.

4.4. Characterization studies of CeO2/Zn0O and N1/CeO,-ZnO oxides

4.4.1 Textural/Structural Characterization

To gain a deeper understanding of the impact of ZnO on the CO2 hydrogenation performance of Ni-
based catalysts, a comprehensive characterization study was conducted. Initially, the textural
properties were assessed through N> adsorption-desorption experiments, and the results are
summarized in Table 4.6. The BET surface area values of the bare supports were determined to be
7.1 m*g for ZnO and 79.3 m%/g for CeO, NR, while the mixed oxide, CeO2/Zn0O, exhibited an
intermediate value of 62.2 m?/g. Importantly, the introduction of nickel did not cause significant
changes in the surface area of the supports. Additionally, the Ni-containing samples followed the
same order as the bare supports in terms of surface area. Regarding the pore size of the samples, both
CeO2 NR and ZnO displayed similar values ranging from 23 to 24 nm. In contrast, the mixed oxide
Ce02/Zn0 exhibited a substantially higher pore size of 40.6 nm. Upon the addition of Ni, the pore
size decreased for Ni/CeO; and Ni/CeO2-ZnO, while it increased for Ni/ZnO. The observed trends in
pore size were inversely correlated with the BET surface area, meaning that Ni/CeO> had the

smallest pore size (18.3 nm), followed by Ni/CeO2-ZnO (26.8 nm), and Ni/ZnO (43.6 nm). These
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findings regarding the textural properties are further discussed in conjunction with the corresponding

structural characteristics, which will be elaborated upon subsequently.

Table 4.6. Textural and structural properties of CeO2/ZnO and Ni/CeO;-ZnO.

Sample BET Analysis XRD Analysis
BET Average Pore Lattice Parameter Average crystallite diameter,
Surface Size (nm) (nm) Dypp (nm)
Agea CeO; (111) ZnO (101) CeO, ZnO0 NiO
(m /g) (111) (101) (200)
CeO2 NR 79.3 24.2 a=b=c= - 11.0 - -
0.5430
ZnO 7.1 23.0 - a=b=0.3272, - 34.7
¢ =0.5233
Ce0,/Zn0O 62.2 40.6 a=b=c= =b=0.3262, 11.5 44.0
0.5430 c=0.5225
Ni/ZnO 10.3 43.6 - = b =0.3248, - 37.6 19.1
=0.5206
Ni/CeO> 72.0 18.3 a=b=c= - 10.6 - 14.4
0.5410
Ni/CeO2-ZnO 61.1 26.8 a=b=c= a=b=0.3248, 10.8 36.5 20.8
0.5404 c=0.5197

The crystallographic properties of the samples were analyzed using X-ray diffraction (XRD), and the
corresponding diffractograms are presented in Figure 4.9. For bare CeOa, characteristic peaks were
observed at 20 = 28.5°, 33.1°, 47.5°, and 56.3°, which can be attributed to the (111), (200), (220),
and (311) crystallographic planes, respectively 2. These peaks are consistent with the face-centered
cubic fluorite structure of ceria (Fm3m symmetry, no. 225, JCPDS card: 01-081-0792). Similarly, the
XRD patterns of pure ZnO exhibited the typical hexagonal wurtzite structure (P63mc symmetry, no.
186) (JCPDS card: 01-079-0208). The main peaks observed at 20 = 31.7°, 34.4°, and 36.2° can be
attributed to the (100), (002), and (101) lattice planes, respectively '®!!° In the case of the mixed
oxide Ce02/Zn0O, the XRD analysis revealed prominent reflection planes that perfectly matched
those indexed for both cubic CeO> and hexagonal ZnO structures. This observation indicates the
formation of a mixed oxide consisting of finely dispersed phases of the parent oxides. Additionally,
upon the introduction of NiO, XRD peaks were detected at 20 = 37.2° and 43.3°, corresponding to
the (101) and (012) crystal planes, respectively '?°. These peaks are associated with the characteristic

cubic structure of nickel oxide (NiO) (Fm3m symmetry, no. 225, Reference code: 01-089-7130).
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Figure 4.9. (a) XRD patterns of as-prepared samples; (b) the (111) diffraction peak of CeO2; (c) the
(101) diffraction peak of ZnO.

The average crystallite size and lattice parameter values of the samples were determined using the
Scherrer equation, and the results are summarized in Table 4.6. For the bare CeO», the calculated
crystallite size was found to be 11.0 nm. In contrast, the crystallite size of ZnO showed a significant
increase, nearly three times larger at 34.7 nm. Upon incorporating ZnO into the CeO2/ZnO mixed
oxide, the crystallite size of ceria exhibited a slight increase, while the crystallite size of ZnO
experienced a more pronounced increase. Furthermore, with the impregnation of nickel, the
crystallite sizes of ceria decreased slightly, indicating a subtle effect of nickel on the crystallite size
of ceria. The NiO crystallite sizes were estimated based on the (200) planar reflection and followed
the order: Ni/CeO; (14.4 nm) < Ni/ZnO (19.1 nm) < Ni/CeO2-ZnO (20.8 nm). This trend in NiO
crystallite sizes corresponds to the trend observed for the crystallite sizes of the bare supports,
suggesting that it is a direct outcome of the interactions between nickel and the respective supporting
materials °’.

Furthermore, the lattice parameters of CeO; (111) and ZnO (101) in the CeO2/ZnO sample remained
practically unaffected compared to bare CeO2 NR and ZnO, indicating a good dispersion of the
different constituent oxide phases. However, a noticeable lattice contraction was observed in all Ni-
based samples, as evidenced by the simultaneous decrease in the lattice parameters of ceria and zinc
oxide phases %1% This suggests the formation of a solid solution upon the addition of nickel into
the bare supports. This lattice contraction can be clearly observed in the diffractograms near the most
intense peaks of CeO> and ZnO, specifically at 20 = 28.5° and 36.2°, respectively (Figure 4.9 (b) and
(c)). A distinct shift of the diffraction angle towards slightly higher values is apparent, indicating the

overall lattice contraction of the parent oxides in all cases. These findings provide evidence for the
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formation of a solid solution between the nickel, ceria, and zinc oxide phases, indicating a strong
interaction and integration of these components within the catalyst structure. The lattice contraction
observed suggests structural modifications and intimate mixing at the atomic level, potentially
influencing the catalytic performance of the Ni-based samples '%,

Moreover, in the XRD analysis of the Ni-based samples after the reaction (Figure 4.10), no
detectable NiO peaks were observed. This can be attributed to the extensive reduction of the initially
oxidized nickel species under the CO; hydrogenation reaction conditions. The reduction process
converts NiO to metallic nickel, which does not exhibit characteristic XRD peaks in the studied
range. Additionally, a quantitative XRD analysis was performed on the used Ni/CeO;-ZnO catalyst
(Table 4.7). The results revealed that the crystallite sizes and lattice parameters of ceria and zinc
oxide remained nearly unchanged compared to the fresh sample. This indicates the absence of

significant sintering or phase reconstruction during the reaction 2122,

Ni/Ce0,-Zn0O — Used sample

Ni/Ce0O,-Zn0 - Fresh sample

Intensity (a.u.)

ZnO (03-065-3411)
*NiQ (01-075-0197)
®Ni (r)1-o7o-1 84

I| ‘.‘ 1 N ’ 1 1

30 40 50 60
20, CuKa

Figure 4.10. XRD plots for fresh and used Ni/CeO-ZnO. SiO, peaks are present in all samples due
to the physical mixing of fresh catalysts with silica glass before the reaction.

Table 4.7. Lattice parameters and crystallite sizes of fresh and used Ni/CeO2-ZnO.

Sample Lattice parameter (nm) Crystallite size (nm)
CeO2 (111) ZnO (101) CeO2 (111) ZnO (101)

Ni1/Ce02-ZnO - fresh 0.540 a=b=0.325,c=0.520 10.8 36.5

Ni/Ce0O2-ZnO - used 0.541 a=b=0.325,c=0.520 11.7 35.7
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4.4.2. Morphological Characterization

The morphological characteristics of the as-prepared samples were initially examined using scanning
electron microscopy-energy-dispersive X-ray spectroscopy (SEM-EDS) (Figure 4.11). SEM images
of the samples revealed no significant morphological alterations, indicating the structural stability of
the catalysts during the reaction. EDX analysis was conducted to determine the surface nickel
loading in the as-prepared samples. The results demonstrated that the surface nickel loading in the
Ni/CeO; sample closely matched the nominal loading (approximately 8 wt.%). However, slightly
lower but comparable values were obtained for Ni/ZnO and Ni/CeO2-ZnO (6.1% and 5.3%,
respectively). This finding can be attributed to a combination of factors such as the low surface area
of ZnO and the relatively larger size of nickel particles in the ZnO-containing samples. These
observations are consistent with the XRD data (Table 4.6) and TEM analysis, which will be further

discussed in the following section.

Figure 4.11. SEM images of the fresh and used samples.

Further insights into the morphology of the samples were obtained through transmission electron
microscopy (TEM) analysis (Figure 4.12). Pure zinc oxide exhibits an irregular shape, with lengths
ranging from 50 to 100 nm. On the other hand, bare ceria exhibits a rod-like morphology with
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lengths ranging from 50 to 200 nm. The TEM analysis confirms the distinct morphologies of these
individual oxides. In the case of the CeO2/ZnO sample, the TEM images demonstrate the presence of
nanorods characteristic of ceria, indicating the preservation of the morphology of bare ceria.
Additionally, irregularly-shaped, and isolated ZnO particles can also be observed in the mixed oxide
structure. These findings align with the XRD results (Figure 4.9), further supporting the formation of
distinct oxide phases within the CeO2/ZnO sample. When considering the Ni-based samples, it is
evident that the addition of nickel does not induce significant modifications in the morphology of the
parent oxide. The morphological features of bare ceria and pure zinc oxide are maintained in the
Ni/CeO2, Ni/Zn0O, and Ni/CeO2-ZnO samples, suggesting that the presence of nickel does not alter

the original morphology of the individual oxide components.
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Flgure 4. 12 TEM images and hlstograms of the as- prepared samples.
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In addition to the previous findings, high-resolution TEM (HRTEM) analysis was conducted to
estimate the particle size of NiO in the samples. Since distinguishing between ZnO and NiO particles
when both are deposited on ceria nanorods, the distinction was achieved by calculating the d-spacing
values in indicative HRTEM images (Figure 4.13). The calculated d-spacing values matched the
theoretical values specifically for NiO, providing validation that the measured particles indeed

corresponded to the nickel oxide phase rather than ZnO.

Figure 4.13. HRTEM images for the determinaion of te articl size of NiO in Ni1/CeO2-ZnO
sample.

To visualize the particle size distribution (PSD) of the NiO particles, histograms were constructed
and presented in Figure 4.12. The PSD analysis revealed the following values for the NiO particle
sizes: Ni/CeOz (9.7 nm) < Ni/Ce02-ZnO (19.1 nm) < Ni/ZnO (25.0 nm). These findings are in good
agreement with the XRD values reported in Table 4.6. Moreover, a representative TEM image along
with the respective PSD of the used Ni/CeO2-ZnO sample is displayed in Figure 4.12. The TEM
image confirms that the nanorod morphology of ceria remains unchanged after the reaction.
Importantly, no increase in the size of Ni particles was observed, indicating the absence of sintering

or agglomeration under the reaction atmosphere.

4.4.3. Raman spectroscopy

Figure 4.14 illustrates the Raman spectra of the bare supports as well as the Ni-based samples in the
relevant spectral range of 300-800 cm™. In the case of CeO> NR, a distinct peak is observed at
approximately 460 cm’!, which is the most prominent peak. This peak corresponds to the optical

Raman Fg mode of CeO; and is attributed to oxygen ions in CeOg moieties i.e., oxygen atoms
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around Ce*" in eightfold coordination (fluorite lattice) 37-'2124, The Raman spectrum of pure ZnO
exhibits a main Raman band at 437 cm™, which corresponds to the high E> phonon mode of bulk
ZnO. Additionally, two smaller peaks are observed at approximately 580 and 330 cm™', which are
attributed to the acoustic overtone and E{(LO) modes, respectively 212, As expected, the Raman
spectrum of CeO2/Zn0O displays contributions from both pure ZnO and CeO». Importantly, upon the
addition of ZnO into ceria, a red-shift and a decrease in the intensity of the F2, peak are observed.

This observation indicates a favorable dispersion of the two phases, suggesting good interaction and

mixing between ZnO and CeO, 75?7,
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Figure 4.14. (a) Raman spectra for all samples; (b) Magnified spectra for CeO2 NR, Ni/CeO2, and
Ni/Ce02-ZnO in the region 200-800 cm .

The incorporation of Ni induces significant changes in the Raman spectra of the bare supports.
Notably, the peak intensities for the Ni-based samples follow the order: Ni/CeO2 > Ni/CeO2-ZnO >
Ni/ZnO, indicating varying degrees of interaction between Ni and the support materials. In the case

' is observed, which is

of Ni/CeO,, a low-intensity secondary Raman band at around 250 cm™
attributed to the second-order Ai; mode of cerium oxide '%!2%, More importantly, a wide band
between 530 to 600 cm™' is observed in the Raman spectra, and this feature is particularly
pronounced in the case of Ni/CeO> (Figure 4.14 (b)). Raman shifts in this region are commonly
denoted as D or Oy bands and are associated with structure perturbations of the ceria lattice. These
perturbations are related to the presence of punctual defects and oxygen vacancies, which are directly
induced by the addition of the nickel phase, which leads to enhanced reducibility *>!%°.

Furthermore, a semi-quantitative assessment of the concentration of oxygen vacancies in ceria-based
catalysts can be made by calculating the ratio of the intensities of the D and F»z bands, Ip/IF2g (Table

4.8) 102113 The Ip/IF2g values for CeO, NR, Ni/Ce02-ZnO, and Ni/CeO> were found to be 0.07, 0.21,
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and 0.37, respectively. These values highlight the pronounced effect of the nickel-ceria synergy on
the redox properties of Ni/CeO> compared to bare CeO> NR and Ni/Ce02-ZnO. The increase in the
Ip/IF2¢ ratio indicates a higher concentration of oxygen vacancies and suggests enhanced redox
activity in the Ni/CeO; catalyst. Additionally, the concentration of oxygen vacancies (referred to as
N) can be estimated for all Ce-containing samples using an equivalent method described in Section
2.2 (Characterization Techniques) '*°. The calculated values for oxygen vacancy concentration in the
bare supports were 1.38 x 10*! cm™ for CeO2 NR and 0.50 x 10! cm™ for Ni/ZnO. In contrast, for
Ni/CeO; and Ni/Ce0,-ZnO, the values were determined as 2.27 x 10*' ecm™ and 1.65 x 10?! cm™,
respectively. These results provide further evidence of the combined beneficial effect of nickel and
the inhibitory effect of zinc on the formation of oxygen vacancies in the as-synthesized samples. The
observed red-shift of the Fzg band in Ni/CeO>-ZnO and Ni/CeO: (Figure 4.14 (b)) can be attributed
to lattice distortion induced by nickel and the resultant decrease in the Ce-O bond symmetry due to
stronger interactions at the nickel-ceria interface, as well as the abundance of surface oxygen
vacancies '%. This finding aligns with the incorporation of nickel into the ceria lattice and the

formation of a solid solution, as supported by the XRD analysis 19219131,

Table 4.8. Redox properties of the Ni-based samples.

Sample Raman Analysis H>-TPR
Ip/1F2¢ N Peak Temperature H> consumption
(10*'x cm™) (°C) (mmol Ho/gear)?
a B Y a p Y
Ni/ZnO - - - - 424 - - 0.74
Ni/CeO2 0.37 2.27 176 303 - 0.29 1.43 -
Ni/Ce02-ZnO  0.21 1.65 264 - 451 0.26 - 0.88

AH> uptake was estimated by the quantification of the TPR peaks below 500 °C.

4.4.4. Redox Properties (H2-TPR)

To gain further insights into the redox properties of the as-prepared samples, H>-TPR experiments
were performed. Figure 4.15 (b) illustrates the reduction profiles of the Ni-based samples, while
Table 4.8 presents the results from quantitative analysis. The addition of nickel into the bare supports
has a significant positive impact on their overall reducibility, as evidenced by the larger reduction
peaks and the shift towards lower temperatures compared to the corresponding bare support oxides
(Figure 4.15 (a)). Notably, for Ni/CeO> and Ni/CeO2-ZnO, the onset reduction temperature is around
150 °C, whereas for Ni/ZnO, this temperature is significantly higher, at approximately 360 °C. This

disparity demonstrates the beneficial effect of ceria in low-temperature reducibility. Specifically, in

141



the temperature range below 500 °C, Ni/CeO; exhibits two distinct reduction peaks. A low-
temperature peak at 176 °C (peak a) and a prominent medium-temperature peak at 303 °C (peak )
are observed. Similarly, Ni/CeO2-ZnO also shows peak a, albeit at 264 °C, and a major high-
temperature peak (peak y) at around 451 °C. In contrast, Ni/ZnO displays only a single high-
temperature peak (peak y) at approximately 424 °C.
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Figure 4.15. H>-TPR profiles of (a) bare supports; (b) Ni-based samples.

It is well-established that the reduction peaks of bare CeO; typically appear above 500 °C and are
attributed to the successive removal of surface and bulk oxygen. Therefore, the low-temperature
peaks observed in this study can be attributed to the reduction of various nickel species in the
vicinity of the cerium oxide support *>!32, Specifically, the first two peaks (o and B) are absent in the
TPR profile of Ni/ZnO and are commonly associated with the reduction of nickel species, such as the
general transition Ni*" — Ni’, and the partial reduction of the surface oxygen of CeO», facilitated by
the synergistic presence of nickel '°®!33, Peak a can be attributed to various phenomena, including
oxygen vacancies associated with the formation of the Ni-O-Ce structure, such as surface adsorbed
0%/O" species, or highly dispersive NiO. Peak B, on the other hand, is primarily ascribed to the
reduction of NiO species that strongly interact with CeO, *>!'3. It should be noted that the intensity
of peak a for Ni/Ce02-ZnO is lower compared to Ni/CeO», suggesting differences in the reduction
behavior between the two samples. Lastly, the broad reduction peak observed above 400 °C in
Ni/ZnO and Ni/CeO>-ZnO (referred to as peak y) can be attributed to either free nickel oxide '** or
less reducible Ni?" species reacting with ZnQ 33136,

To quantitatively analyze the H>-TPR results, the consumption of hydrogen for each peak was

calculated (Table 4.8). As expected, the calculated H> consumption values attributed solely to peak a,
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representing the reducibility of the samples in the low-temperature region (T < 500 °C), exhibit a
monotonic decrease with increasing Zn content. This decrease indicates that the reduction of NiO in
the Ni-ceria interface is predominantly a surface phenomenon, as supported by the results from
Raman analysis %137, Furthermore, the calculated hydrogen consumption for Ni/CeO> exceeds the
theoretical amount required for the complete reduction of NiO to Ni (approximately 1.36 mmol
Ho/gcat). This result highlights the synergy between nickel and ceria, which facilitates the reduction
of surface oxygen species in CeO,. However, the presence of ZnO significantly hampers this effect,
as indicated by the total H> consumption values for Ni/ZnO and Ni/CeO-ZnO, which are lower than

the theoretical amount.

4.5. Characterization studies of Bare Ceria Triangles (CeO2 TR) and Ni/CeO, TR

4.5.1 Textural/Structural Characterization
The main textural characteristics of the bare CeO> TR and Ni/CeO; TR are presented in Table 4.9.
Bare CeO> TR demonstrates a BET surface area of 46.0 m*/g. However, upon incorporating Ni into

the ceria support, a decrease in the BET area was observed.

Table 4.9. Textural characteristics of bare CeO; TR and Ni/CeO; TR.

Sample EDS Analysis BET Analysis
Atomic ratio Ni loading BET Surface Area
Ni/Ce (Wt%) (m?/g)
CeO, TR - - 46.0
Ni/CeO> TR 0.26 8.1 283

The crystal structure analysis of the bare CeO2 TR and Ni/CeO> TR samples was carried out using X-
Ray Diffraction (XRD), and the corresponding XRD patterns are shown in Figure 4.16. For the bare
CeO> TR sample, the XRD pattern revealed distinct peaks at 20 = 28.5°, 33.1°, 47.5°, and 56.3°,
which can be attributed to the (111), (200), (220), and (311) crystal planes, respectively °2. These
peaks are indicative of the face-centered cubic fluorite structure of ceria (Fm3m symmetry, no. 225,
Reference code: 00-043-1002). Upon the addition of NiO to the CeO2 TR sample, the XRD pattern
for the Ni/CeO> TR sample exhibited additional diffraction peaks. Specifically, at 20 = 37.3° and
43.4°, the observed peaks can be associated with the (111) and (200) crystal planes, respectively
57120 These peaks can be attributed to the typical cubic structure of NiO (Reference code: 01-075-
0197). Therefore, the XRD analysis confirms that the Ni/CeO2 TR sample exhibits a combination of
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the face-centered cubic fluorite structure of ceria and the cubic structure of NiO, indicating the

successful incorporation of nickel oxide into the ceria lattice.
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Figure 4.16. (a) XRD patterns of CeO2 TR and Ni/CeO> TR; (b) the (111) diffraction peak of CeOs.

In addition to the XRD analysis, the average crystallite size (Dxrp) of the as-obtained samples was
determined using the Scherrer equation. The results are summarized in Table 4.10. The bare CeO>
TR sample exhibited an average crystallite size of 9.1 nm. Upon the addition of NiO to the CeO> TR
sample (Ni/CeO2 TR), a small increase in the ceria crystallite size was observed, with a value of 9.9
nm, while the crystallite size of NiO was estimated to be ca. 28.0 nm. Furthermore, the d-spacing,
lattice parameter, and unit cell volume were calculated based on the most intense planar reflection of
CeO2 (111) for the Ni/CeO> TR sample. It was found that these parameters were lower in the
Ni/CeO2 TR sample compared to the bare CeO2 TR sample. This change in lattice parameters is also
evident in the shift of the diffraction angle, as depicted in Figure 4.16 (b). The contraction of the
ceria lattice in the Ni/CeO; TR sample can be attributed to the incorporation of nickel oxide, which
has smaller ionic radii compared to cerium ions (v ++ > T7) *4°%. The presence of these smaller
ions in the ceria lattice causes a reduction in the interatomic distances and leads to a contraction of
the lattice. This phenomenon is consistent with the observed changes in lattice parameters and the

shift in the diffraction peaks.
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Table 4.10. Structural, and morphological characteristics of bare CeO, TR and Ni/CeO; TR.

Sample XRD TEM Raman
Analysis Analysis Analysis
CeO, (111) Dypp, (nm)
d(111)- Lattice Unit Cell Ni pgrtlcle
spacing Parameter Volume CeO; NiO S1ze In/Ir2g
(nm) (nm) (m)’ (111) (200) (nm)
a=b=c
CeO, TR 0.313 0.5422 0.1594 9.1 - - 0.024
Ni/CeO> TR 0.312 0.5406 0.1580 9.9 28.0 28.1£6.0 0.63

4.5.2. Morphological Characterization

The morphology of bare CeO> TR and Ni/CeO> TR was determined by SEM and TEM. More
specifically, from SEM analysis, the CeO2, TR sample exhibits a triangle-like morphology, as
illustrated in Figure 4.17 (a). Ni/CeO2 TR sample also displays a triangle-like morphology, while
distinct NiO nanoparticles in contact with the triangle are detected (Figure 4.17 (b)). Additionally,
the TEM images of bare ceria triangles and Ni/CeO, TR are depicted in Figure 4.17 (c¢) and (d),
respectively. The triangle-like morphology of the CeO: is also confirmed through TEM analysis
(Figure 4.17 (c)), while it remains unchanged with the incorporation of NiO (Figure 4.17 (d)).
Moreover, separated NiO particles of sphere-like morphology are detected, as shown in Figure 4.17
(d). The mean particle size of NiO was estimated by TEM analysis and the results are presented in
Figure 4.17 (d) and Table 4.10. From the particle size distribution (PSD) analysis, the NiO particle
size was estimated at 28.1 nm, which is in full agreement with the XRD analysis (Table 4.10).

Field emission scanning electron microscopy analysis equipped with energy-dispersive X-ray
spectrometry (EDS) was conducted to obtain the elemental mapping images of the Ni/CeO> TR
sample (Figure 4.17 (e)). From FE-SEM/EDS analysis, it is evident that there is a uniform
distribution of Ce and Ni in the Ni/CeO2 TR sample. Additionally, the atomic ratio Ni/Ce and Ni
loading (wt.%) were calculated by EDS analysis and the corresponding values are presented in Table
4.9. The calculated Ni/Ce and Ni loading values are 0.26 and 8.1 wt.%, respectively, which are
consistent with the corresponding nominal values (0.25 Ni/Ce and 8 wt.% Ni). To further investigate
the surface elemental composition of the Ni/CeOz TR sample, XPS analysis was also carried out,

which is in good agreement with the aforementioned findings.
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Figure 4.17. SEM imagesof the samples: (a) CeO2 TR, (b) Ni/CeO; TR; TEM images of the
samples: (¢) CeO2 TR, (d) Ni/CeO2 TR; (¢) SEM-EDS elemental mapping images of Ni/CeO> TR.

4.5.3. Raman spectroscopy
Figure 4.18 depicts the Raman spectra of bare CeO2 TR and Ni/CeO> TR samples. For bare CeO> TR
support, the characteristic Fo; mode at 457 cm™ is observed which is attributed to the Fm3m fluorite

I which is ascribed to second-order transverse

cubic ceria structure, and a weak band at ~250 cm™
acoustic mode '°7. Moreover, a wide band in the 530 and 700 cm™' region, which is commonly called
the defect-induced band (denoted as the "D" band), can be attributed to structural perturbations of the
ceria cubic lattice '°71%, With the addition of NiO into ceria, a small red shift of the F», peak is
observed, as well as a decrease in intensity, demonstrating the good dispersion of the two phases '%.
In addition, in the case of Ni/CeO2 TR, the wide D band significantly exhibits increased intensity,
which is related to punctual defects and oxygen vacancies due to the incorporation of NiO.
Therefore, the In/Ir2g ratio is associated with the abundance of structural defects '°%!'3, Ip/Ig2, values
for both CeO2 TR and Ni/CeO2 TR were calculated and presented in Table 4.10. Particularly, the
Ip/Ik2q ratio for bare CeO2 TR is very low (0.024) while a significant increase in this ratio is observed

for Ni/CeO> TR (0.630), revealing the remarkable impact of the nickel-ceria synergy on the redox
properties of Ni/CeO; TR.
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Figure 4.18. Raman spectra for bare CeO; TR and Ni/CeO> TR.

4.5.4. Surface Analysis (XPS)

To further gain insight into the effect of the addition of NiO into ceria on the chemical composition
and oxidation state of the samples, XPS analysis was carried out. Figure 4.19 (a) shows the Ce 3d
XPS spectra of bare CeO> TR and Ni/ CeO> TR samples. The Ce3d curves were deconvoluted into
ten peaks. More specifically, the "u" peaks refer to the spin-orbit coupling 3ds» while the "v" peaks
correspond to the spin-orbit coupling 3ds *¥71%°. The v’ (903.6 eV), v (898.9 eV), u’ (885.5 eV),
and u” (881.0 eV) peaks are attributed to Ce** and the vo (917.0 eV), v (907.9 eV), v" (901.3 eV), uo
(897.2 eV), u (888.9 eV), and u” (882.9 eV) are ascribed to Ce** 138140,
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Figure 4.19. (a) XPS spectra of Ce 3d for bare CeO> TR and Ni/CeO TR; (b) XPS spectrum of Ni
2p3,2 for Ni/ CeO; TR.
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Additionally, Table 4.11 summarizes the results obtained from XPS analysis for both bare CeO, TR
and Ni/CeO, TR. The ratio of Ce*" ions to the whole peak area in the Ce 3d region is calculated from
the area ratio of the sum of the Ce** species to that of the total cerium species. Bare CeO; exhibits a
25.6% amount of the Ce*" species while Ni/CeO> TR shows a higher population of Ce** ions
(44.8%) than the bare ceria sample. These findings indicate the presence of more oxygen vacancies,
in the case of Ni/CeO; TR compared to that of support material which is in good agreement with the
Raman analysis. The high-resolution spectrum of Ni 2ps» is presented in Figure 4.19 (b). The

presence of Ni?* was detected on the surface of the Ni/CeO catalyst.

Table 4.11. XPS results of bare CeO> TR and Ni/CeO; TR samples.

Sample Ce (%) Ni (%) 0 (%) Ni/Ce Ce™* (%)
CeO, TR 23.9 - 76.1 - 25.6
Ni/CeO, TR 55.3 15.1 29.6 0.27 44.8

4.5.5. Redox Properties (H2-TPR)

TPR experiments were also conducted to investigate the redox properties of the as-prepared samples.
Figure 4.20 presents the reduction profiles of bare CeO2 TR and Ni/CeO; TR. Bare CeO> TR consists
of two broad peaks centered at ca. 500 °C and 860 °C and can be ascribed to the reduction of surface
oxygen (Os) and bulk oxygen (Oy) of ceria, respectively'*!. The addition of nickel into the bare
supports has a significant positive impact on their overall reducibility, as evidenced by the larger
reduction peaks and the shift towards lower temperatures compared to the corresponding bare
support oxides. Specifically, for Ni/CeO, the reduction onset temperature is around 150 °C while in
the temperature range below 500 °C, Ni/CeO: exhibits two distinct reduction peaks. A low-

temperature peak at 271 °C and a prominent medium-temperature peak at 368 °C are observed.
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Figure 4.20. H>-TPR profiles of bare CeO; TR and Ni/CeO> TR.

4.6. Implication in the CO2 hydrogenation reaction

4.6.1. CO2 Hydrogenation Performance of Bare Ceria Nanorods (CeO2 NR) and Ceria-Based
Transition Metal Catalysts

A series of M/CeO: samples was synthesized, where M represents 3d transition metals including Ti,
V, Cr, Mn, Fe, Co, Ni, and Cu. The catalytic performance of these samples in the CO> hydrogenation
reaction was investigated over a temperature range of 200-500 °C. As a reference sample, a
commercial CeOz sample (Fluka, Sger = 15 m? g 1), denoted as CeO2-com, was also tested.

Figure 4.21 illustrates the CO> conversion of all samples compared to the thermodynamic
equilibrium CO; conversion profiles for methanation and reverse water-gas shift (rWGS) reactions.
The results reveal significant differences among the samples, primarily influenced by the nature of
the metal. The order of CO> conversion is as follows: V/CeO> < Ti/CeO2 < Mn/CeO; < Cr/CeO; <
Ce0O7 < Fe/CeO7 < Cu/Ce02 < Co/Ce02 < N1/CeOz, highlighting the pivotal role of the metal phase.
Among the samples, Ni/CeO> exhibits the highest performance, achieving approximately 98%
conversion at 300 °C. This indicates that the combination of nickel with ceria nanorods results in
extremely active CO> methanation catalysts, which reach equilibrium at very low temperatures,
around 300 °C. The superior catalytic activity of the nanoceria samples compared to CeOz-com
clearly demonstrates the beneficial effect of the synthesis method.

Notably, CO> conversion initially increases and reaches a plateau for the highly selective Ni/CeO»
and Co/CeO: catalysts, which promote the exothermic CO, methanation below 500 °C, in agreement

with thermodynamic calculations. A different trend is observed for bare CeO,, V/CeO,, Ti/CeO,,
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Mn/CeO,, Cr/CeO,, Fe/CeO», and Cu/CeO, samples, where CO; conversion increases steadily but to

a lesser extent, practically reaching equilibrium values for the rWGS reaction in the case of

Cu/CeO3. The V/CeO,, Ti/CeO2, Mn/CeO», and Cr/CeO> samples exhibit inferior catalytic activity

compared to bare CeO> NR. However, no direct correlation can be established between the atomic

number of the transition metal and CO; conversion. These findings indicate that the presence of an

active metal phase with at least partially filled 3d orbitals (e.g., [Ar] 3d® 4s?) is necessary for

adequate catalytic activity. Furthermore, the presence of multiple pairs of 3d electrons possibly leads

to peculiar electronic phenomena attributed to the complex and strong metal-support interactions in

the presence of CeO». These phenomena cannot be solely attributed to the electron configuration of

the metal phase.
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Figure 4.21. Catalytic evaluation of M/CeO; NR. (a) CO> conversion, (b) CO selectivity. Reaction

conditions: WHSV =30 L-g'"-h"!, H»:CO, =4,

P=1 atm.

The impact of the metal phase's nature on the CO» hydrogenation performance is further evaluated

by considering the selectivity towards CO, as depicted in Figure 4.21 (b). It is apparent that
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commercial ceria, CeO> NR, Cu/CeO», V/CeO,, Ti/CeO2, Mn/CeO,, and Cr/CeO> samples exhibit
high selectivity towards CO (> 90%). Consequently, these samples are expected to have maximum
COy conversion values closer to the equilibrium of the reverse water-gas shift (rWGS) reaction,
which is a less favorable reaction compared to CO2 methanation, as shown by the dotted equilibrium
curve in Figure 4.21 (a). Interestingly, Cu/CeO> reaches equilibrium conversion values at
approximately 380 °C, which is lower than those reported for many rWGS catalysts. In contrast, the
addition of cobalt and nickel into CeO: results in a completely different trend. The selectivity
towards CH4 for Co/CeO; samples is approximately 95% at temperatures above 400 °C. However, at
temperatures below 400 °C, the selectivity towards CO is significant, but it decreases rapidly with
higher temperatures. Remarkably, Ni/CeO> sample exhibit practically complete selectivity towards
methane across the entire range of the investigated reaction temperatures, with only traces of CO
being detected at any temperature.

The observed variations in activity and selectivity among the metal-based catalysts can be
understood by considering the underlying mechanism of the CO> hydrogenation reaction, in
conjunction with the characterization results obtained. The rate-determining step of the CO»
methanation process is typically the dissociation of adsorbed CO, which occurs through two main
pathways: direct CO adsorption dissociation and H-assisted CO adsorption dissociation. Group VIII
metal-based catalysts, such as Co, are known to favor the first mechanism **!% Liu et al. #
demonstrated that Co exhibits more favorable thermodynamics and lower CO: decomposition
barriers for CO» reduction compared to Cu. Similarly, a close correlation has been found between the
CO; and H: adsorption capacity of Co/KIT-6 catalysts and their CO: conversion/selectivity
performance '**. A high H» adsorption capacity can provide many active H species for the further
hydrogenation of intermediate species (such as HCOO") to methane, thereby favoring methane
formation. Conversely, a low H> adsorption and activation capacity promotes CO formation.

In contrast, a redox mechanism has been proposed in the literature for the reverse water-gas shift
(rtWGS) reaction over Cu-based catalysts %43 According to this mechanism, Cu® atoms serve as
active sites for the dissociation of CO, and the resulting Cu,O is subsequently reduced by hydrogen
to regenerate metallic Cu species. It has been suggested that hydrogen acts solely as a reducing agent
in the rWGS reaction and does not directly participate in the formation of intermediate species '*°.
The facile reduction of Cu/CeO> catalysts to reduced copper species at temperatures lower than
approximately 300 °C, as evidenced by the H>-TPR results (Figure 4.4), could potentially support
this redox mechanism. This may explain the high selectivity towards CO even at low temperatures.
The superior performance of Ni/CeO: catalysts can be attributed to the enhanced reducibility and

oxygen mobility provided primarily by ceria nanorods, as previously reported °2. This is consistent
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with the abundance of reduced Ce*" species, as observed in the Ho-TPR analyses (discussed above).
Nickel exhibits the ability to readily dissociate molecular hydrogen into H.q) atoms on the catalytic
surface 7°. These Ha) species can then migrate to the ceria support through an activated surface
diffusion process, facilitating the hydrogenation of species formed upon CO:; adsorption,
predominantly at the Ni-ceria interface, leading to methane formation '47. Recent isotopic and in situ
DRIFTS studies have further demonstrated that the higher methanation activity of Ni/CeO>
compared to Ni/Al,Os catalysts can be primarily attributed to the interactions between nickel and
ceria, as well as the high oxygen mobility of ceria, which prevents the accumulation of water and
carbon-containing species on the catalyst surface. Similarly, the increased methanation activity of
CeOs-based samples has been attributed to the high concentration of Ce*" species, which promotes
CO; adsorption and the formation of formate active species, leading to higher coverage %14,
Furthermore, Ni/CeO: catalysts have been found to exhibit greater activity for CO2> methanation
compared to other lanthanide-supported nickel catalysts, primarily due to the strong interaction
between nickel and ceria, along with the high H» dissociation ability of reduced nickel sites *¢. Thus,
based on the findings of these studies, the superior performance of Ni/CeO: catalysts can be
attributed to the synergistic interactions between nickel particles and ceria nanorods, which enhance
the reducibility, particularly the high population of Ce*" species under reaction conditions, ultimately

leading to improved CO2 methanation performance.

4.6.2. CO; Hydrogenation Performance of Ni/CeO»>-x

The catalytic evaluation results of the Ni/CeO»-x (x = Ni/Ce = 0.10, 0.25, 0.50, 1.00, and 1.50) in the
CO; hydrogenation reaction are presented in Figure 4.22 (a). To provide a basis for comparison,
complementary experiments were conducted using the as-prepared bare CeO2 nanorods, as well as
commercial NiO and CeO> powders (Sigma Aldrich, > 99.5%), referred to as NiO-comm and CeO»-
comm, respectively. To ensure consistency, the commercial samples were also subjected to an in-situ

reduction step under pure H» flow at 400 °C for 1 h prior to the reaction.
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Clearly, increasing the reaction temperature enhances the conversion of CO; for all samples.
Additionally, the beneficial effect of Ni addition to CeO> nanorods is evident, as it leads to a
significant improvement in catalytic activity across all Ni/CeO»-x samples, even in the case of the
catalyst with the lowest nickel loading, Ni/CeO>-0.10. The order of CO> conversion is as follows:
Ni/Ce02-1.00 < Ni/Ce02-1.50 < Ni/Ce02-0.50 < Ni/Ce02-0.25 < Ni/Ce0,-0.10 < NiO-comm <
CeO2-NR < CeOz-comm. This suggests the existence of an optimum Ni loading for CO» conversion,
which is determined to be 23.5 wt.% based on Table 4.4. Remarkably, the Ni/CeO>-1.00 sample
exhibits a maximum CO; conversion of approximately 92% at a remarkably low temperature of 275
°C, indicating its exceptional low-temperature methanation activity. Notably, all Ni/CeO,-0.50,
Ni/Ce0,-1.00, and Ni/CeO2-1.50 samples outperform the Ni/Ce02-0.25 sample tested in our
preliminary study, which showed maximum CO; conversion at around 300 °C (see above). This
effect is particularly pronounced at temperatures below 275 °C, highlighting the superior intrinsic
activity of these samples towards CO2 methanation under kinetic conditions.

The selectivity of the samples towards CHy 1s shown in Figure 4.22 (b). Carbon monoxide (CO) was
the only other product, although CO selectivity values are not shown for the sake of brevity. It is
evident that all Ni/CeO»-x samples exhibit near-complete selectivity towards methane production,
while NiO-comm shows intermediate CHg selectivity values ranging from 70% to 80%. Importantly,
the bare ceria samples, CeO2 NR and CeOz-comm, predominantly exhibit selectivity towards CO
production via the reverse water-gas shift (rWGS) reaction. These results strongly indicate the
presence of a synergistic effect between nickel and ceria nanoparticles, as well as the indispensability
of the nickel phase up to an optimum Ni content for achieving efficient low-temperature CO>
methanation activity. This is further illustrated by the corresponding CH4 yield values shown in
Figure 4.22 (c). Additionally, the observed catalytic trend for CeO2 NR and Ni/CeO,-x aligns with

the trend observed for the Ip/Ir2q ratio, as shown in Figure 4.6.

4.6.3. CO2 Hydrogenation Performance of CeO2/ZnO and Ni/CeO»-ZnO oxides

The catalytic performance of CeO2/ZnO-x and Ni/CeO2-ZnO-x (where x = Zn/Ce = 0.2, 0.4, 0.6)
was evaluated in the CO; hydrogenation reaction. Initially, the influence of the Zn/Ce ratio was
investigated for bare supports (CeO2/Zn0O-x) as well as Ni-based samples (Ni/CeO2-ZnO-x) (Figure
4.23). It is worth noting that no significant variations were observed among the samples with
different Zn/Ce ratios (0.2, 0.4, 0.6). Therefore, this discussion will primarily focus on the results
obtained from the samples with a Zn/Ce ratio of 0.4. For simplicity, the sample Ni/CeO,-Zn0O-0.4
will be subsequently referred to as Ni/CeO2-ZnO.
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Figure 4.23. (a), (c) CO> conversion and (b), (d) CO selectivity values as a function of temperature
for the as-prepared CeO2/ZnO-x and Ni/CeO2-ZnO-x samples. Reaction conditions: H2:CO2 = 4,
WHSV=30L-g “h’!,P=1 atm.

Figure 4.24 (a) illustrates the comparison between bare supports and Ni-based samples in terms of
CO: conversion values at different reaction temperatures. It is evident that higher reaction
temperatures promote CO> conversion, and the values generally follow this order: CeO2/ZnO <
Ni/ZnO < Ni/Ce02-ZnO << Ni/CeO,. This trend clearly highlights the beneficial effect of
incorporating Ni into the oxide supports. However, the extent of this effect strongly depends on the
nature of the supporting material. Notably, the addition of Ni to ceria nanorods significantly
enhances CO; conversion to CHa, enabling the attainment of equilibrium predicted values for CO>
methanation even at relatively low temperatures (approximately 300 °C). In complete contrast,
incorporating Ni into either bare ZnO or CeO2/ZnO has a relatively minor impact on COz
conversion. This suggests that the presence of ZnO actually hampers CO2 conversion, resulting in a

detrimental effect.
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Figure 4.24. (a) CO> conversion, (b) CO selectivity and (c) CO yield values as a function of
temperature. Reaction conditions: H2:CO, =4, WHSV =30 L-g "“h™!, P=1 atm.

Significantly, all ZnO-containing samples exhibit a notable preference for the reverse water-gas shift
(rWGS) reaction, as depicted in Figure 4.24 (b). This implies that the presence of ZnO, whether in
the form of bare ZnO or mixed CeO2/Zn0O, promotes the formation of CO at the expense of CHa,
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without any other discernible by-products. Specifically, at a temperature of 400 °C, CO selectivity
values were around 1% for Ni/CeO2, whereas they exceeded 90% for all other samples. This
temperature range favors the exothermic Sabatier reaction over the slightly endothermic rWGS
reaction from a thermodynamic perspective. To further highlight the favorable impact of ZnO on
rWGS activity, it is enlightening to consider the corresponding CO yield values, as shown in Figure
4.24 (c). At 450 °C, Ni/Ce0O2-ZnO achieves a CO yield value that is approximately 90% of the
thermodynamically predicted value. This intriguing finding contradicts the product distribution
reported in the literature for the reaction of CO> hydrogenation over Ni-based catalysts with similar
Ni loading values (approximately 8.0 wt.%) >* to the ones employed in this study. The
aforementioned catalytic performance was further confirmed by the comparable activity observed
among the as-prepared Ni/CeO2-ZnO-x samples, as shown in Figure 4.23 (¢) and (d).

The incorporation of ZnO into the ceria carrier has a profound impact on the activity and selectivity
of Ni-based samples in CO: hydrogenation, as revealed by the presented findings. Notably, ZnO
addition not only hinders CO> conversion but also promotes the reverse water-gas shift (rWGS)
reaction, resulting in an increased generation of CO. Furthermore, extensive physicochemical
characterizations have provided valuable insights into the changes induced by ZnO doping in the
physicochemical properties of Ni-based samples. These changes include a decrease in the BET
surface area, inhibition of reducibility as evidenced by the shift of H-TPR peaks towards higher
temperatures, and a decrease in the concentration of oxygen vacancies.

The impact of ZnO on key physicochemical properties and catalytic performance at 400 °C is
summarized in Table 4.12. Firstly, in terms of redox properties, it is evident that the presence of ZnO
leads to a significant decrease in the density of oxygen vacancies. This is supported by two semi-
quantitative descriptors, namely the ratio Ip/lIr2g and the values for N, as shown in Table 4.12.
Additionally, the excellent redox properties exhibited by Ni/CeO, are further confirmed by H>-TPR
experiments, where distinct peaks are observed at lower temperatures. It has been reported that the
low-temperature peak observed in H>-TPR on nickel-ceria catalysts is attributed to the substitution of
Ce*" by Ni?" within the CeO; lattice. This charge imbalance results in lattice distortion and the
formation of a Ni-O-Ce solid solution, leading to the generation of reactive oxygen species that can

be readily reduced at low temperatures '*!.
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Table 4.12. Key redox properties, and catalytic activity results of Ni-based samples.

Redox Properties Activity/Selectivity at 400 °C
Sample N H> consumption % CO; conversion % CO selectivity
In/Ir2g (10*'x cm™) at T <400 °C
(mmol/g)
Ni/ZnO - - 0.01 10.9 99.6
Ni/Ce02-ZnO  0.21 1.65 0.26 28.1 96.0
Ni/CeO» 0.37 2.27 1.72 74.3 0.6

Furthermore, taking into account the pretreatment procedure where all samples were reduced at 400
°C, the specific consumption of H» at this temperature was calculated based on the deconvoluted H»-
TPR profiles. For Ni/ZnO, negligible consumption values were observed as no peaks were present in
this temperature range. Conversely, for Ni/CeO2-ZnO, the consumption values mainly corresponded
to the low-temperature peak (peak a). It is noteworthy that the total consumption for Ni/CeO-
encompassed contributions from both peak a and peak P, resulting in a significantly higher low-
temperature H> consumption that exceeded the theoretically expected amount for NiO reduction.
Thus, with regards to the oxidation state of nickel in the as-prepared samples prior to CO>
hydrogenation, the Ni/CeO. sample exhibited the highest population of reduced Ni’ species,
followed by Ni/Ce0:-ZnO. In contrast, nickel in Ni/ZnO was predominantly present in its fully
oxidized state, Ni**, as confirmed by the absence of a detectable peak below 400 °C (Figure 4.15).

Collectively, it can be deduced that the optimal catalytic surface for CO, conversion in the as-
prepared samples lies at the interface between nickel and ceria. The addition of zinc, however,
introduces an interface between nickel and ceria that exhibits an inferior capability for the activation
and dissociation of both gas-phase CO> and H, resulting in lower CO; (and consequently H>)
conversion values. The detrimental effect of zinc can be attributed to the presence of agglomerated
Zn0O ensembles, which could physically obstruct the active catalytic sites responsible for CO>
activation. Simultaneously, the addition of zinc impedes the dissociation of H> by providing an
increased population of surface sites that are less easily reduced, or by inducing greater

agglomeration of NiO entities.

4.6.4. CO; Hydrogenation Performance of Bare Ceria Triangles (CeO> TR) and Ni/CeO, TR

The catalytic performance of bare CeO> TR (ceria-triangles) and Ni/CeO> TR catalysts was studied
in the CO; hydrogenation reaction within a temperature range of 200400 °C. Figure 4.25 (a)
presents the CO» conversion profiles of both catalysts, comparing them to the thermodynamic
equilibrium conversion profiles for methanation and reverse water-gas shift (rWGS) reactions. The
results clearly demonstrate the superior methanation performance of the Ni/CeO, TR catalyst,

indicating the advantageous effect of combining Ni metal with the ceria-triangles support.
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Importantly, the supported Ni catalyst exhibited an onset methanation temperature of approximately
245 °C, while the bare CeO> TR showed negligible reactivity. Furthermore, it is noteworthy that the
as-synthesized Ni/CeO, TR catalyst displayed complete selectivity towards methane at all
investigated temperatures, in contrast to bare CeO> TR (Figure 4.25 (b)). This selectivity towards
methane further emphasizes the advantageous characteristics of the Ni/CeO; TR catalyst, making it a
promising candidate for efficient CO» conversion and methanation across a wide temperature range.

To further highlight the enhanced catalytic performance of Ni/CeO2> TR, a comparison was made
with corresponding commercial samples, CeO2-comm and Ni/CeO2-comm, as shown in Figure 4.25.
The comparison clearly demonstrates that Ni/CeO» TR is significantly more active and selective
towards CH4 compared to Ni/CeOz-comm, underscoring the crucial role of the ceria nanostructure.
At 300 °C, CeOz-comm and Ni/CeOz-comm exhibit CHy4 selectivity values of 4% and 63%,
respectively. In contrast, CeO> TR, and Ni/CeO> TR display selectivity values of 3% and 98.1%,
respectively. These results provide clear evidence that the presence of the nickel active phase is
indispensable for methane production. Notably, bare CeO2 TR exhibits negligible methanation
performance. However, when combined with Ni, the catalytic activity of CeO2 TR is significantly
promoted, leading to conversion and methane selectivity values close to 80% and 100%,
respectively. In contrast, the corresponding modifications on the commercial Ni/CeOz-comm sample

are noticeably less prominent.
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Figure 4.25. (a) CO2 conversion (%) and (b) CHa selectivity (%) versus temperature profiles for
CeOz-comm, Ni/CeO2-comm, CeO> TR and Ni/CeO> TR catalysts. Reaction conditions: WHSV = 30
L-gh!, H2:CO,=4,P=1 atm.
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4.7. Conclusions

In this chapter, an investigation was conducted to explore the physicochemical properties and CO»
hydrogenation performance of ceria-based nano-catalysts, with a focus on the influence of non-noble
metal phases and ZnO promotion. The results obtained in this study revealed a strong correlation
between the metal phase and the CO> hydrogenation performance of nanoceria-based M/CeO>
catalysts. Specifically, hydrothermally synthesized ceria nanorods exhibited better catalytic activity
in the hydrogenation of CO; compared to commercial ceria. Moreover, the addition of different
metals into the nanostructured ceria support demonstrated a significant enhancement in catalytic
activity. The order of CO» conversion followed the sequence: V/CeO; < Ti/CeO2 < Mn/CeO> <
Cr/Ce0O7 < Ce0O; < Fe/CeO: < Cu/Ce0; < Co/CeO2 < Ni/CeOs. It was observed that the nature of the
metal entity incorporated into cerium oxide determined the main product of the reaction. Notably, the
Co/CeO2 and Ni/CeO; catalysts exhibited high selectivity towards CHa, with CO> conversion values
close to equilibrium. Furthermore, the Cu/CeO, samples displayed remarkable CO selectivity, even
under hydrogen excess conditions, approaching the equilibrium for the reverse water-gas shift
(rWGS) reaction. Conversely, bare CeO>, Fe/CeO2, Cr/CeO2, Mn/CeO;, Ti/CeO>, and V/CeO>
demonstrated inferior catalytic activity. Subsequently, the research focused on Ni/CeOz-nanorod
catalysts to investigate the role of Ni particle size and the impact of ZnO promotion on the reaction
mechanism. The results showed that Ni/ZnO and Ni/CeO2-ZnO catalysts facilitated selective CO
production while effectively suppressing CO, methanation compared to Ni/CeO; -catalysts.
Additionally, a preliminary study explored the utilization of CeOx triangles as supporting carriers for
the Ni active phase in CO; hydrogenation, comparing the results with those obtained using a nickel
catalyst supported on commercial CeO,. Overall, these promising results pave the way for the
application of these catalysts in large-scale processes, where renewable hydrogen generated from
excess renewable energy sources can be efficiently and selectively used to convert CO; to CO or

CHa.
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Chapter 5

Highly Porous Thin-Layer g-C3N4 Nanosheets with Enhanced
Adsorption Capacity and Photocatalytic Performance

Chapter S  presents a
comprehensive  comparative
study of the photocatalytic
activity and adsorption
capacity of bulk g-C3Ny4
(CNB) and g-C3N4 nanosheets
(CNNs). The synthesis of well-

structured  porous CNNs

through thermal exfoliation of

melamine was successfully

achieved. A detailed characterization study was performed to understand the impact of thermal
exfoliation on the physicochemical characteristics of both materials. The chapter initially describes
the investigation of the adsorption capacity and separation ability of both materials for dyes with
different charges and sizes under various experimental conditions. Experimental and theoretical
investigations reveal that CNNs exhibit superior adsorption and separation capacity compared to
CNB. Subsequently, the photocatalytic performance of CNB and CNNs was comparatively assessed
for the degradation of paraben. Several experimental parameters were explored, such as catalyst
concentration, initial concentration of parabens, irradiation type, and scavenger addition. The highly
porous CNNs exhibited excellent photocatalytic activity and stability under simulated solar
irradiation, outperforming CNB. Additionally, the potential of g-C3Ny as a supporting carrier for the
transition metal active phase in the photocatalytic degradation of methylparaben was explored. In the
context of gas-phase photocatalysis, the photocatalytic efficiency for NOx removal was evaluated for
both CNB and CNNs under visible LED light illumination. The porous CNNs demonstrated a

significant enhancement in photocatalytic activity, along with excellent stability and repeatability.
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Introduction

In recent times, the consequences of long-term industrial and agricultural activities have become
increasingly evident, manifesting in significant air and water pollution issues. This alarming situation
poses a considerable threat to the delicate ecological balance and the overall well-being of humanity.
Urgent action is needed to address and mitigate these environmental challenges before they further
exacerbate and adversely affect our ecosystems and health.

Water pollution has emerged as a significant concern among the scientific community, primarily due
to the alarming increase in hazardous organic compounds present in wastewater. Among the major

! Various

contributors to aqueous pollution is the contamination caused by dyes in wastewater
industries, such as textile dyeing, papermaking, food processing, paints, and cosmetics, release their
dye-contaminated effluents into the environment, resulting in the presence of dye-contaminated
wastewater 2. This issue is further exacerbated by the staggering global production of approximately
one million tons of dyes annually, with more than 15% of these dyes being released as pollutants in
industrial effluents 2. The dyes discharged in wastewater pose serious health and ecological risks as
they are highly toxic, carcinogenic, and xenobiotic to living organisms. The presence of these dyes in
wastewater profoundly impacts the aqueous ecosystem, as the intense color imparted by the dyes
hinders the penetration of sunlight into the water body 2.

Another category of widespread contaminants contributing to water pollution is pharmaceuticals and
personal care products (PPCPs) *°. Among these, parabens stand out as a significant concern.
Parabens are commonly used as preservatives and antimicrobials in cosmetics, pharmaceuticals,
processed foods, and various industrial products 6. However, they have been classified as endocrine
disruptors and are acknowledged as emerging contaminants due to their continuous release in aquatic
environments, being detected at ng/L to pg/L levels 7. Parabens exhibit ecotoxicity to various
microorganisms and have mild estrogenic properties 3°. Although parabens are effective against
fungi and gram-positive bacteria, their safety in products remains a subject of substantial debate .
Recent concerns have highlighted potential risks to water quality, human health, and the ecosystem.
Direct exposure to parabens occurs during the use of PPCPs, leading to their detection in human

10,11

tissues and urine samples . Numerous studies have reported the estrogenic and carcinogenic

effects of parabens, underscoring the urgent need to eliminate these contaminants from wastewater
and other aqueous effluents %!2.

There are various methods available for the removal of organic pollutants from wastewater, with two
prominent approaches being oxidation and adsorption processes *®!21°. Adsorption is highly

regarded for its simplicity, efficiency, and economic viability, and it offers the advantage of not
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producing any by-products '*'°. One widely used adsorbent for this purpose is activated carbon,
particularly effective in adsorbing and separating dyes 2°2. However, the activation process of this
material involves the use of activation agents and is both complex and time-consuming, limiting its
widespread application *»**. Another promising technology for effectively eliminating organic
pollutants from wastewater is heterogeneous photocatalysis. This technique is known for its
affordability, simplicity, and non-toxic nature *. Heterogeneous photocatalysis has shown high
efficiency in degrading a wide range of pollutants, even under ambient temperature and pressure
conditions 2°. Nevertheless, its efficiency is still considered relatively low and requires further
investigation. Recent studies have primarily focused on two key areas to enhance photocatalysis.
Firstly, researchers have been working on developing solar light-responsive photocatalysts to
increase their efficiency and applicability '>632, Secondly, they are actively optimizing experimental
conditions to enhance the photocatalytic performance and stability of these catalysts 28-3°,

In the realm of air pollution, nitrogen oxides (NOx) stand out as a major concern due to their
significant impact on both human health and the environment. Exposure to NOx can trigger and
exacerbate asthma symptoms while also contributing to the development of asthma over prolonged
periods *3. NOx comprises NO and NO> gases, which arise from natural processes like lightning and
volcanic activity. However, the most substantial sources of NOx stem from the reaction between
nitrogen and oxygen during fuel combustion, especially in car engines operating at high temperatures
34 In densely populated urban areas with heavy motor vehicle traffic, nitrogen oxide emissions can
significantly alter the urban atmosphere's chemistry, particularly affecting ozone generation. Motor
vehicle engines, being a primary source, are the leading contributors to NOx emissions *.
Recognizing the critical nature of NOx emissions, it becomes imperative to implement effective
methods for reducing them and safeguarding the environment. As a response, various strategies have
been deployed, including primary methods like NOx emission controls and secondary approaches
involving the conversion of NOx into N> or HNOs % Among these secondary methods,
heterogeneous photocatalysis stands out as a particularly promising technology for air purification.
This method utilizes eco-friendly, cost-effective, adaptable, and high-performance materials, making
it well-suited for large-scale applications **37. As a result, the scientific community has extensively
examined numerous photocatalysts for their efficacy in removing NOx pollutants.

Graphitic carbon nitride (g-C3N4) has emerged as a highly promising metal-free semiconductor
material for various energy and environmental applications, including photocatalytic hydrogen
evolution, photocatalytic degradation of pollutants, sensors, and adsorbents !>1?3842 Recent research
has focused on synthesizing mesoporous g-C3Ni, and related advances have been reviewed,

encompassing the synthesis methods, growth mechanism, modification strategies, and current
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applications **. Notably, g-C3Ns composed of non-metal, earth-abundant elements (carbon and
nitrogen), is characterized as the most stable allotrope among various carbon nitrides under ambient
conditions **. Typically, bulk g-C3N4 can be easily obtained through traditional thermal condensation
of low-cost carbon and nitrogen-based precursors, such as urea, thiourea, melamine, cyanamide, and
dicyandiamide, at temperatures ranging from 500—650 °C ***°. However, bulk g-C3Ns does suffer
from certain drawbacks, including low specific surface area and large particle size resulting from
layer stacking, leading to diminished activity and performance **. To address these limitations,
various methods have been employed to separate the stacked layers and achieve exfoliation into thin-
layer g-C3N4 nanosheets. This exfoliation process is crucial to enhance specific surface area and

significantly reduce particle size **>*. Multiple techniques, such as chemical exfoliation %37,

61-63 "and chemical blowing %*%° have been

thermal exfoliation **>*°7%0 liquid ultrasonic exfoliation
explored for this purpose. Among them, thermal exfoliation has garnered significant attention for its
cost-effectiveness and ease of producing high-quality thin-layered g-C3N4 on a large scale.

In the case of the photocatalytic degradation of parabens, various semiconductors have been explored
2866-68 put g-C3N4 has received relatively less attention. Notably, Arvaniti et al. ®° investigated the
use of g-C3sNa4 as a photocatalyst for the degradation of methylparaben under solar irradiation. They
reported complete degradation of methylparaben after just 90 minutes of irradiation, even at the
lowest initial concentration. Additionally, Fernandes et al. " focused on the photocatalytic
degradation of multiple parabens, including methyl-, ethyl-, and propylparaben, using exfoliated g-
CsNgs under visible irradiation. They achieved complete degradation of each paraben after only 20
minutes of irradiation, highlighting the effectiveness of g-CsNs as a photocatalyst for paraben
removal. Moreover, Kumar et al. ™ took a different approach by synthesizing nano-hybrids of
magnetic biochar supported g-C3sN4/FeVO4 for methylparaben degradation. Their study incorporated
adsorption, photocatalysis, and photo-ozonation, ultimately achieving 98.4% degradation of
methylparaben after 90 minutes of solar light irradiation.

In the context of photocatalytic oxidation of NO, g-C3sN4 has recently garnered significant interest as
a potential solution to improve indoor air quality, particularly in cases where conventional
photocatalysts may not be effective. Wu et al. 2 successfully synthesized g-CsN4 with a high surface
area through repeated post-calcination, resulting in enhanced visible photocatalytic activity for NO
oxidation. Similarly, Huang et al. " used a hydrothermal pre-treatment-based method to prepare
high-quality thin-layered g-C3N4, which exhibited a significantly increased visible-light
photocatalytic performance for NO removal, achieving 5.5 times higher efficiency compared to bulk
g-CsNa. Nie et al. ™ followed an alkaline hydrothermal treatment approach to synthesize g-CsNa4 with

an increased BET surface area and extended absorption into the visible region, leading to improved
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NO removal efficiency. Likewise, Liu et al. " employed co-pyrolysis of melamine and NH4HCO3 to
synthesize porous g-CsNs with an enhanced specific surface area, resulting in a remarkably improved
photocatalytic performance for NO removal.

Despite the extensive research on g-CsN4 in the photocatalytic field, there has been limited focus on
enhancing its textural and structural characteristics, as well as its adsorption capacity for various
organic pollutants -8, The adsorption capability of g-CsNa is significantly influenced by factors
like interactions between the p-conjugated systems of g-C3N4 and the adsorbates, hydrogen bonding,
and electrostatic interactions °°. Recognizing the importance of improving g-CsN4's adsorption
capacity, researchers have recently explored various strategies 61%7°8 QOne approach involves
carbon doping to modify its properties, leading to enhanced adsorption performance °. Additionally,
increasing the functional groups on the surface of g-CsN4 has been considered in order to boost its
adsorption capabilities °. Moreover, efforts have been directed towards increasing the specific
surface area of g-CsNg, a critical factor influencing its adsorption efficiency, among other methods.

In light of the above aspects, this chapter focuses on a comprehensive comparative study of the
photocatalytic activity and adsorption capacity of bulk g-CsNs (CNB) and g-CsN4 nanosheets
(CNNs). To achieve this, well-structured porous CNNs were successfully synthesized via direct
thermal polycondensation of melamine, followed by thermal exfoliation. A range of characterization
techniques including TGA, BET, XRD, FTIR, SEM, TEM, AFM, UV-Vis diffuse reflectance, and
PL spectroscopy were employed to gain insights into the effect of thermal exfoliation on the
physicochemical characteristics of both materials. Initially, the adsorption capacity and separation
ability of graphitic carbon nitrides for dyes with different charges and sizes were extensively studied
under various experimental conditions. Through experimental and theoretical investigations, the
superiority of exfoliated g-C3N4 in terms of adsorption and separation capacity was established.
Subsequently, the photocatalytic performance of both CNB and CNNs was comparatively assessed
for the degradation of methyl-, ethyl-, and propylparaben, as well as their mixture in liquid-phase
photocatalysis. The study explored several experimental parameters such as catalyst concentration,
initial concentration of parabens, irradiation type, and the addition of different scavengers.
Remarkably, the highly porous CNNs demonstrated excellent photocatalytic activity and stability
under simulated solar irradiation, outperforming CNB. Additionally, a preliminary study was
conducted, exploring the potential of g-CsN4 as supporting carriers for the transition metal active
phase in the photocatalytic degradation of methylparaben. In the context of gas-phase photocatalysis,
the photocatalytic efficiency for NOx removal was evaluated for both CNB and CNNs under visible
LED light illumination. Encouragingly, the porous CNNs exhibited a significant enhancement in

photocatalytic activity, along with excellent stability and repeatability.
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5.1. Experimental

5.1.1. Materials Synthesis

All the chemical compounds used in this chapter were of analytical grade.

Melamine (purity > 99%, Sigma-Aldrich), Ti(OCH(CHz3)2)s4 (purity > 97%, Alfa Aesar), VOTP
(purity > 98%, Sigma-Aldrich), Cr3(OH)(OOCCH3); (purity > 24%, Alfa Aesar),
CH3COO);Mn-4H>O (purity > 99%, Sigma-Aldrich), Fe(NOs3)3-9H>O (purity > 98%, Sigma-
Aldrich), CH3COO0O);Co-4H,0 (purity > 98%, Alfa Aesar), Ni(OCOCH3)2:4H2O (purity > 98%,
Sigma-Aldrich), Cu(CO2CH3)2:xH2O (purity > 98%, Sigma-Aldrich) and Zn(CH3;COO);-2H,0
(purity > 99%, Sigma-Aldrich) were employed as precursors for the synthesis of g-CsN4 as well as of
g-CsNjs-based transition metal catalysts (M/g-C3Na, M: Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn).

Methylene blue (MB), rhodamine 6G (Rh6G), rhodamine B (RB), methyl orange (MO), and eosin Y
were obtained from Sigma-Aldrich (Sigma-Aldrich, St. Louis, MO, USA) and were utilized for the
adsorption experiments. Methyl-paraben (MP), ethyl-paraben (EP), propyl-paraben (PP), disodium
ethylenediaminetetraacetate dihydrate (EDTA-Na2), and isopropyl alcohol (IPA) were of analytical
grade and purchased from Sigma-Aldrich (Sigma-Aldrich, St. Louis, MO, USA) and were used
during the liquid-phase photocatalysis. For the preparation of all solutions and in all experiments,
methanol (> 99.8%, Honeywell Fluka) and distilled water were used.

The catalysts prepared in this chapter (CNB, CNNs, M/CNB) were synthesized 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

Thermal analysis of as-prepared catalysts was carried out by TGA. The textural characteristics of the
investigated samples were assessed by N2 adsorption—desorption isotherms at —196 °C. The
structural properties were determined by XRD. The morphological characteristics of the samples
were investigated by SEM and TEM. A more detailed topographic examination was performed with
AFM. The chemical structure of CNB and CNNs samples was confirmed by FTIR spectroscopy.
Zeta potential was measured to determine the zero point of charge. The characterization techniques

are fully described in Chapter 2 in section 2.2 (Characterization Techniques).

5.2. Computational Study

The g-C3Ng4 structural model used for the computations is based on the tri-s-triazine building block.
In this model, g-C3Ns adopts a wave-like pattern that has been previously found to be
thermodynamically more favorable than other proposed allotropes #1-#°. The adsorption of methylene

blue cation and methyl orange anion was studied on a single g-C3N4 sheet considering a variety of
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configurations of the adsorbates concerning the wave-like nature of the surface. The choice of a
single-layer rather than a multi-layer model is supported by previous findings % as there is no
difference in the adsorption geometry or energy of water for more than a single layer of g-C3Na. The
size of the supercell used in periodic Self-Consistent Charge Density Functional Tight Binding
(SCC-DFTB) calculations was a =27.7 A, b=24.25 A, ¢ =22.92 A, and a = B =y = 90°. Initially,
the atomic coordinates and the lattice parameters of the supercell of the periodic single layer of g-
C3Ns were relaxed, while for the calculations, including the adsorbates, the lattice parameter
corresponding to the axis vertical to the sheet was scaled to avoid any interactions with the
neighboring periodic images. For the adsorption calculations, only the atomic coordinates were
allowed to relax. Due to the large size of the supercell, SCC-DFTB calculations were performed to
calculate the adsorption geometries and the corresponding energies. The calculations were performed
with the DFTB+58 program %* (version 22.1) along with the mio-1-1 Slater-Koster set %. Dispersion
corrections were included in the calculations by adopting the implementation of the D4 model
developed by Grimme et. al. %, The Brillouin zone was sampled only at the I and the convergence

criteria for structure optimization and SCC tolerance were set to 10* and 1077 au respectively.

5.3. Characterization studies of g-C3N4

5.3.1. Formation Mechanism of porous g-C3N4 nanosheets

The thermal exfoliation process of g-C3Njy is illustrated schematically in Figure 5.1 (a). The CNNs
obtained from the same weight of material exhibit a significantly larger volume than that of CNB,
indicating the presence of a porous structure in the as-prepared composite. Specifically, the
polymeric melon units' hydrogen-bond cohered strands within the layers of CNB are susceptible to
oxidation in the presence of air. This process gradually reduces the thickness of CNB, ultimately
reaching the nanoscale through a layer-by-layer thermal oxidation process ***’. Furthermore, Figure
5.1 (a) shows that CNB has a dark yellow color, which transitions to a pale yellow after thermal
exfoliation. This observation suggests that the CNNs possess a narrower visible light absorption
range, and the slight color loss can be attributed to the quantum confinement effect >%7,
Thermogravimetric analysis (TGA) was employed to assess the thermal stability of melamine and
CNB, as depicted in Figure 5.1 (b). Upon pyrolysis of melamine, a notable weight loss process
occurred when the temperature reached 370 °C (~95%). At this point, melamine underwent
rearrangement to form tri-s-triazine, and the structural units polycondensed into layered aggregated
C3Ny at around 550 °C *%. As for CNB, a gradual weight loss was observed at temperatures higher
than 600 °C, attributed to the loss of tri-s-triazine-based units or other advanced condensates,

respectively. When the temperature reached 650 °C, complete decomposition of the CNB sample in
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the air took place °>°2. Notably, the thermal exfoliation process was conducted over a range of

temperatures (530—580 °C) to carefully control the exfoliation of g-C3Na.
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Figure 5.1. (a) The preparation process of porous g-C3N4 nanosheets; (b) TG curves of melamine
and CNB samples. Adapted from Reference 88,

5.3.2. Textural/Structural Characterization

The porosity of both CNB and CNNs was assessed through N2 physisorption experiments. Figure 5.2
illustrates the adsorption-desorption isotherms and the Barrett-Joyner-Halenda (BJH) desorption pore
size distribution of CNB and CNNs samples. The isotherms displayed typical type IV characteristics
with a small H3 hysteresis loop, indicating mesoporous structures with slit-shaped pores, as per the
IUPAC classification %,

A summary of the main textural and structural characteristics of CNB and CNNs samples is
presented in Table 5.1. To examine the textural properties, such as surface area, pore volume, and
pore size, nitrogen adsorption-desorption (BET) analysis was performed before and after exfoliation
of g-C3Na. The results revealed that CNB exhibited the lowest BET surface area (10 m? g*) and pore
volume (0.12 cm®/g). In contrast, CNNs displayed a significantly increased BET surface area of 212
m? g%, approximately 20 times larger than that of CNB. Additionally, the total pore volume
increased after exfoliation (CNNs) up to 10 times, evident in the CNNs compared to CNB (Table
5.1). The pore size distribution (Figure 5.2 (b)) for CNNs showcased maxima at a pore diameter of
more than 10 nm, indicating the presence of mesopores. These findings highlight the substantial
improvement in porosity and textural properties achieved through thermal exfoliation, demonstrating

the enhanced mesoporous structure of the CNNs compared to the CNB.
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Table 5.1. Textural/morphological/optical properties of CNB and CNNs samples.

BET Analysis XRD Analysis AFM Analysis DRS Analysis
BET Pore Pore (002) d Thickness ~ Roughness Eg
Sample Surface ~ Volume  Size peak  (nm) (nm) (nm) (eV)
Area (cm?/g) (nm)
(m?/g)
CNB 10 0.12 - 27.6 0.323 200 - 300 30£5 2.74
CNNs 212 1.07 16.1 27.85  0.320 15-30 10+£1 291
(a) (b) s
CNB
& %  |—4—CNNs
5
E g 05
2 g
g S
o o
| 0,0 -
0,0 I O,IZ I 0,I4 I 0?6 I 0?8 I 1,0 1 I T I“'IIO 1(I)0
Relative Pressure (p/p°) Pore Diameter (nm)

Figure 5.2. (a) Adsorption—desorption isotherms; (b) BJH desorption pore size distribution (PSD) for
the CNB and CNNs samples.

Figure 5.3 (a) illustrates the XRD patterns of CNB and CNNs samples. For the bulk material, two
characteristic diffraction peaks appear at 26 = 13.1 and 27.6°, corresponding to the (100) and (002)
planes, respectively. The weak peak at 13.1°, with an interplanar distance of 0.675 nm, is attributed
to the in-plane structural packing motif, while the strong peak at 27.6°, with an interplanar distance
of 0.323 nm, arises from the interlayer stacking of the conjugated aromatic systems. In contrast,
CNNs show significantly reduced intensity of the (100) and (002) peaks, confirming the successful
exfoliation of CNB 0517587 This reduction in peak intensity is a consequence of the decrease in the
size of the layers achieved through thermal exfoliation. Furthermore, a slight shift of the (002) peak
from 27.6° for the CNB sample to 27.9° for the CNNs sample is observed, indicating the formation
of a denser packing of g-CsN4 during the thermal oxidation process >*728"8_Consequently, there is a
small decrease in the interlayer distance, reaching a value of 0.320 nm for the CNNs sample. The
evolution of XRD patterns during the thermal exfoliation process from CNB to CNNs formation is
depicted in Figure 5.3 (b), highlighting the structural changes that occur during the exfoliation

process.
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Figure 5.3. XRD patterns of (a) CNB and CNNs and (b) g-C3Njy at different exfoliation

temperatures. Adapted from Reference 5%

The chemical structure of both CNB and CNNs samples was verified through FTIR spectroscopy. As
depicted in Figure 5.4 (a), both samples exhibit similar peak features, indicating that the exfoliated
nanosheets maintain the same chemical structure as their parent bulk material. The broad peaks in the
range of 3500 to 3000 cm™* arise from adsorbed H20 and stretching vibrations of N—H bonds, while
the absorption peak at 884 cm™ is attributed to the cross-linking N—H deformation mode from these
groups. Additionally, the strong peaks in the 1700-800 cm* region can be attributed to the
characteristic stretching mode of aromatic CN heterocycles. Comparatively, the FTIR spectrum of
CNNss in the range of 1700—-800 cm* (Figure 5.4 (b)) exhibits highly resolved peaks, a characteristic
typically associated with highly ordered carbon-based materials compared to CNB. More
specifically, the sharp spectral band at 804 cm™ corresponds to the breathing mode of triazine units,
while the region from 1132 to 1627 cm™* corresponds to the C-N and C=N stretching modes of
aromatics %87 Furthermore, the region from 1132 to 970 cm™ is associated with oxygen-
containing groups, and the intensities of 1132, 1081, and 1011 cm™! peaks increase after exfoliation,

indicating the oxidation of g-C3Na during the thermal process 1987,

187



—
Q
S—

N-H / O-H N (b)
CNNs

auizeyy

o
>
0

081
1011

= CNNs

1627
1535
1454
1400
1319
1232
1209
1132

Intensity (a.u.)
Intensity (a.u.)

I . L . L A 1 R L . 1 R L i I 1

4000 3500 3000 2500 2000 1500 1000 500 1800 1600 1400 1200 1000 800 600
Wavenumber (cm) Wavenumber (cm™)

Figure 5.4. (a) FTIR spectra of CNB and CNNs samples; (b) FTIR spectra of CNB and CNNs
samples in the spectral region of 1700-800 cm™'. Adapted from Reference %,

5.3.3. Morphological Characterization

The morphological characteristics of bulk g-CsNs before and after exfoliation were thoroughly
investigated using SEM and TEM analyses. Figure 5.5 (a) shows that CNB is composed of solid
agglomerates, maintaining a compact bulk structure. However, after the exfoliation process, as
depicted in Figure 5.5 (b), the bulk structure is transformed into thin, curved layers, indicating
successful exfoliation of the material. In Figure 5.5 (c) and (d), TEM images further corroborate
these findings. Specifically, CNB exhibits stacked bulks, consistent with the SEM observations. On
the other hand, CNNs display very thin sheets, providing direct evidence for the successful

exfoliation of the bulk material.
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A more detailed topographic examination was performed using AFM. Figure 5.6 presents the AFM
images of CNB and CNNs, showcasing their characteristic topography. The synthesis of the bulk
material resulted in stacked flakes with lateral dimensions of approximately 40 um. However, due to
the inhomogeneous layer distribution, the thickness of these flakes ranged from 100 to 300 nm, even
within the same sheet. In contrast, CNNs were produced through a rigorous thermal exfoliation
process, which led to their formation with non-uniform layer thicknesses across the width of the
flake, measuring between 5—10 pm. The individual layers of CNNs range from 15 to 30 nm in
thickness. These variations in layer thickness within CNNs are clearly demonstrated by the
representative topographies and height analysis in Figure 5.6 (g) and (h).

Upon closer examination of the surface of each material, their distinctive porous nanostructures were
revealed. The roughness of the bulk flakes was higher, measuring 30 + 5 nm, primarily due to the
presence of increased layers and randomly distributed thickness on the examined area (Table 5.1). In
contrast, the exfoliation procedure substantially reduced the number of layers, exposing a structure
with enhanced porosity, as clearly shown in the magnified view of its surface (Figure 5.6 (e)). The
roughness of the exfoliated nanosheets was found to be 10 £+ 1 nm, primarily attributed to the porous
structure, with the thickness of the layers having less of an effect (Table 5.1).

Furthermore, the theoretical monolayer thickness value of g-CsNs is known to be approximately 0.33
nm due to its interlayer distance 1. However, AFM experimental values can be influenced by various
parameters such as surface chemistry and surface roughness °2, leading to measured values for

monolayers closer to 0.6—1 nm %,

Previous reports on g-C3Ns resulting from melamine
polycondensation have indicated ultrathin nanosheets in the range of 3—5 nm . Additionally, our
thermal exfoliation process results in the production of highly porous nanosheets, significantly
increasing their roughness to approximately 10 nm (Table 5.1). This contributes additively to the
thickness of our samples, making it challenging to clearly distinguish between monolayer and
multilayer structures. Taking into consideration all these factors along with our results, we deduce
that our thin nanosheets likely consist of 5—15 layers, while the CNB is composed of up to 200 layers

(Table 5.1).
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5.3.4. Optical properties

The optical properties of the as-prepared samples were evaluated using UV-Visible absorption
spectroscopy (UV-Vis DRS). As depicted in Figure 5.7 (a), both the CNB and CNNs samples
displayed an absorption edge in the visible region. Notably, the absorption edge of the CNNs
exhibited a slight blue shift compared to CNB, consistent with the observed color change. The band
gap values of the samples were determined using the Kubelka-Munk function and are presented in
Table 5.1 and Figure 5.7 (a). The band gap energy (E;) increased from 2.74 to 2.91 eV after the
exfoliation process *>7. This increase in the band gap energy can be attributed to the quantum
confinement effect (QCE) resulting from the reduction in the thickness and size of the g-C3N4 layers
3842,59,72.

The band edge potentials of CNB and CNNs were determined using the following Eq. (1) and (2):
Eyp = x — E° + 0.5E, (1)
Ecg = Eyp — Eg (2)
where Evs and Ecgp represent the potential energy (eV) of the Valence Band (VB) and Conduction
Band (CB) respectively. y is the geometric mean of the electronegativity of the constituent atoms of a
semiconductor, calculated to be 4.73 eV for g-CsN4. E° is the energy of free electrons in a standard
hydrogen electrode, approximately ~4.5 eV vs NHE ?%%. E, is the experimentally determined band
gap energy of the sample. As depicted in Figure 5.7. (b), the Ecs values of both CNB and CNNs are
approximately —1.14 and —1.23 eV, respectively, while the Evg values are estimated to be 1.60 and

1.69 eV, respectively. These values align well with those reported in the literature **1°!,
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Figure 5.7. (a) UV—Vis diffuse reflectance spectra and band gaps obtained from Kubelka-Munk
function of CNB and CNN:ss; (b) schematic illustration of morphology evolution of g-C3Njy after
exfoliation, along with their corresponding band structure.

191



To investigate the emission and exciton recombination dynamics of CNB and CNNs, room-
temperature photoluminescence (PL) spectra were acquired using a 325 nm excitation wavelength.
As commonly observed in reduced thickness of 2D semiconductors %1% the PL intensity of CNNs
was found to be higher than that of the bulk counterpart, as illustrated in Figure 5.8 (a). This
enhancement is attributed to the higher crystallinity and more compact packing of the exfoliated
samples, resulting in a reduced number of structural defects >. After performing Gaussian fitting of
the spectra, three distinct emission peaks were identified from the recombination of electron-hole
pairs (Figure 5.8 (b), (c)). The bandgap states of g-C3N4 consist of a sp> C-N ¢ band, sp>? C-N &
band, and the lone pair (LP) state of the bridge nitride atom. P1, P2, and P3 correspond to the
pathways of transitions: n*-m, 6*~LP, and n*~LP, respectively '%4. The P1 peak was observed at 434
nm and 430 nm for CNB and CNNs, respectively, denoting the band-to-band transition. The blue
shift of the P1 emission peak is in agreement with previous findings and is attributed to the quantum
confinement effect induced by thin/small nanosheets and the gradual transition from an indirect to a
direct band gap. Since most of the exfoliated flakes are thicker than a monolayer, the indirect regime
is still predominant, leading to the appearance of the P2 exciton peak. The P2 peak, located at 452
nm for both materials, is attributed to indirect band-to-band transitions. The P3 broad peak, found at
483 nm and 470 nm for CNB and CNNs, respectively, is associated with the recombination of
electron-hole pairs due to structural defects still present in the materials. Notably, CNNs exhibit an
increased density of defects even after the exfoliation process.

To comprehend this behavior, it is essential to consider the role of surface and bulk defects.
Generally, the defect density on the surface is higher than in the bulk '®°. However, it is crucial to
acknowledge that the penetration depth of the excitation wavelength (325 nm) limits the ability of PL
to probe the entire range of bulk defects '%. Consequently, the defect density of CNNs compared to
CNB appears to be higher.
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Figure 5.8. (a) PL spectra of CNB and CNNs at room temperature at a 325 nm excitation
wavelength; Gaussian fitting of the (b) CNB and (c) CNNs (P1, P2, and P3 exciton peaks).

5.4. Characterization Studies of g-C3Ns-Based Transition Metal Catalysts

5.4.1. Structural Characterization

To investigate the crystal structure of pristine and transition metal-doped (Ti, V, Cr, Mn, Fe, Co, Ni,
Cu, and Zn) g-C3N4, X-ray diffraction was employed. Figure 5.9 displays the recorded diffraction
patterns for each sample. In the pristine g-C3Na, two distinct diffraction peaks were observed at
diffraction angles of 13.1° and 27.3°, corresponding to the (100) and (002) planes, respectively, of g-
C3Ns. The peak at 13.1° represents the unit of tri-s-triazine connecting to trigonal nitrogen, while the
strongest peak at 27.3° indicates the presence of aromatic conjugated structures for long-range
interplanar stacking 371919 Upon doping with transition metals, the diffraction peaks corresponding
to the (002) plane of the metal-doped g-CsNs exhibited a reduction in intensity compared to the
undoped sample. This decrease in peak intensity can be attributed to the thinner nature of the doped
g-C3Ns successive layers in contrast to CNB. Additionally, a slight shift was observed in the
diffraction peaks of the metal-doped samples towards lower diffraction angles when compared to
CNB (Table 5.2). This shift indicates an increase in the interatomic spacing within the doped g-C3N4
structure, leading to an enhanced distance between successive layers of the material, as illustrated in

Figure 5.9 (b). Remarkably, upon doping with transition metals, the (100) diffraction peak was found
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to disappear in most cases, strongly indicating that the metal species were effectively embedded

within the in-plane structure of g-C3N4. This intriguing observation aligns with findings reported in

the literature for other metal-doped g-C3N4 materials
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Figure 5.9. (a) XRD patterns of CNB and M/CNB (M: Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn) samples;

Table 5.2. Structural/optical properties of CNB and M/CNB (M: Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn)

samples.
Sample XRD Analysis Eg
(002) peak d (nm) (V)
CNB 27.534 0.3237 2.74
Ti/CNB 27.506 0.3240 2.76
V/CNB 27.528 0.3238 242
Cr/CNB 27.536 0.3237 2.67
Mn/CNB 27.499 0.3241 2.72
Fe/CNB 27.495 0.3242 2.63
Co/CNB 27.495 0.3242 2.66
Ni/CNB 27.500 0.3241 2.73
Cu/CNB 27.523 0.3239 2.71
Zn