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Summary

Steam reforming of bio-oil combined with the gasification of coke deposits in the
presence of water is a conceptually promising alternative to generate hydrogen gas.
H,O can be activated in the gasification stage to form hydroxyl groups (OH) on
oxide-supported (like ceria) metal catalysts, which increases both the H, yield and
the catalyst’s lifetime. The reactivity for the water dissociation as well as the reac-
tivity of resulting hydroxyl groups can be further improved by altering the shape
and size of ceria support. Based on the recent studies, ceria nanoshapes exhibit ex-
cellent redox properties and high specific activity/selectivity in comparison to the
bulk ceria particles. However, the knowledge related to the surface species actu-
ally responsible for enhanced catalytic activity of ceria nanocatalysts so far remain
lacking. The work presented in this thesis highlights the fundamental aspects of
ceria nanoshapes, with emphasis on the effects of surface planes on overall cat-
alytic performance. The main objectives of this work are to investigate the true
exposed facets, as well as to understand the reactivity of hydroxyl species and the

role of defects on the ceria nanoshapes.

In the first part of this thesis (chapter 2), definitive information on the nature
of the exposed surfaces in these CeO, nanoshapes is provided using aberration-
corrected transmission electron microscopy (AC-TEM) and high-angle annular
dark field imaging (HAADF). Prior to the present work, discrepancies in litera-
ture existed related to the exposed planes on these ceria nanoshapes. For instance,
it was the common belief that rods showed enhanced activity due to the exposure
of active {110} and {100} planes. These findings were reported prior to the recent
advancements in TEM (of AC and HAADF), and thus the results were unclear.
Furthermore, our initial FTIR results suggested that ceria rods and octahedra share
similarity in terms of exposed planes. This spurred us to re-examine rods with
up-to-date TEM equipment. From the AC-TEM results it is apparent that ceria oc-
tahedra and rods both expose {111} surfaces, whereas ceria cubes mainly expose
{100} surfaces.

Additionally, H,-reduced ceria nanoshapes were examined for water gas shift
(WGS) reaction to evaluate the structure-performance relationship. It is observed
that the WGS activity normalized with surface area (m?) was identical for ceria oc-
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SUMMARY

tahedra and rods, whereas ceria cubes were found to be much more active. Further,
to understand the interaction of surface species with CO during WGS catalytic re-
action, Hj-reduced ceria nanoshapes were analyzed using FTIR spectroscopy at
350°C. Similar to WGS results, the FTIR spectra specifically, the hydroxyl (OH)
vibration bands and their interaction with CO, for rods and octahedra were ob-
served to be the same. On the other hand, cubes with {100} planes exhibited
different relative amount of the surface OH species and their interaction with CO
resulted in different spectral features in comparison to rods and octahedra. It is
clearly demonstrated in present work that the nature of the exposed surfaces af-
fects the WGS activity as well as interaction of surface sites with CO. Due to the
presence of the same {111} exposed planes, ceria rods and octahedra show similar
WGS activity, as well as similar interaction of OH species with CO obtained using
FTIR spectroscopy. Interestingly, cubes with more active {100} surface planes
have different OH bands and interactions with CO, resulting in a higher WGS ac-

tivity per m.

It is known that the hydroxyl species are the active sites in CeO, supported cat-
alytic reactions such as WGS, and steric constraint can lead to different amounts
of hydroxyl species on different exposed planes. In the second part of this the-
sis (chapter 3), the role of different types of active hydroxyl (OH) species on the
nanoshapes (wires, octahedra and cubes) and their respective reactivity towards
CO and extent of regeneration of OH species with water has been investigated
using in situ FTIR spectroscopy at 200°C. All three ceria nanoshapes showed
similar OH stretching bands although with different relative intensities. Likewise
rods, wires resemble octahedra in the hydroxyl range of FTIR spectra. The bridged
hydroxyl species (OH?¢*) on ceria wires and cubes were found to be reactive to-
wards CO, whilst only limited interaction with CO was observed for octahedra. In
addition, the formation of hydrogen carbonates was observed only in case of octa-
hedra and the relative amount of defects detected follows the trend: Wires > cubes
> octahedra. Based on all these observations, it is suggested that both the presence
of defects as well as the shape of ceria nanoparticles influences the interaction of
specific hydroxyl groups with CO. Finally, subsequent exposure to water vapor at
200°C showed a clear shape dependent water activation to OH species, resulting in

removal of different relative amounts of formates and carbonates formed in either



ambient or CO.

It is well known in the literature that the presence of intrinsic defects, as well
as the ease of formation of defects during the reaction, strongly influences the
ceria-catalyzed reactions. To understand the involvement of defects in ceria rods
during the formation of specific formate and carbonate surface species at 200 and
350°C is investigated using a combination of in situ Raman and FTIR spectro-
scopies (chapter 4). It was observed at 200°C that the majority of formates and
carbonates formed in CO do not form vacancies in the ceria lattice, whilst at 350°C
formation of both formates and carbonates (mono/bi-dentate) result in the creation
of vacancies. In addition, formation of stable polydentate carbonates was observed
at 350°C. These polydentate carbonates were stable in water vapor as well as not
forming vacancies in the ceria lattice. It must be noted that based on temperature
the Raman signatures of the defect peaks arising in CO were very similar. How-
ever, their chemical origin seems to be different since at 350°C the addition of
H,O is needed to remove the vacancies, while at 200°C the majority disappeared
already in He flowed immediately after CO flow. In the present work, it is also
proposed that apart from the reported defects, such as anion Frenkel pair and oxy-
gen vacancies, other CO-induced defects, e.g., vacancy clusters, interstitial and
Schottky disorder might also form in the ceria lattice. Further theoretical studies
are highly recommended for specific defect identification and corresponding peak

assignment in the Raman spectra.

Finally, in the last part of the thesis, the defect chemistry of reduced ceria nano-
shapes during the interaction with CO and H,O is extensively discussed as a func-
tion of exposed plane (chapter 5). The defect chemistries of both rods and octahe-
dra (with {111} plane) as a function of gas environment were similar. Specifically,
the CO-induced defects for rods and octahedra were found to be the same, while
the defect formation in CO (i.e., the {100} plane) for cubes was fundamentally
different. For instance, in cubes the oxygen vacancy (O,,.) defects were formed
in CO at the expense of existing anion Frenkel pair defects (Ip), whereas in case
of other two nanoshapes both defects (O,,. and Ip) were formed irrespective of
existing Ip defects. These Raman findings are further supported by FTIR results
that confirm that Hy-pretreated rods and octahedra can be further reduced in CO,

simultaneously creating bare cerium ions and forming new defects (O, and Ip).



SUMMARY

In contrast to rods and octahedra, H-pretreated cubes are not further reducible
in CO and hence undergo structural/vacancy rearrangement to further react with
CO. These observations confirm that the defect chemistry on ceria nanoshapes is
directly dependent on the surface terminations.

From this work it is clear that the ceria cubes show higher catalytic activity
(per m?) than rods and octahedra. This is attributed to the different exposed
planes, which give rise to different defect-formation mechanisms, different rela-

tive amount and reactivity of hydroxyl species.



Samenvatting

Steam reforming van bio-olie in combinatie met de vergassing van cokesafzettin-
gen in aanwezigheid van water is een conceptueel veelbelovend alternatief om
waterstofgas te produceren. H,O kan in de vergassingsstap worden geactiveerd
om hydroxylgroepen (OH) te vormen op oxide-gedragen (zoals bv. ceriumox-
ide) metaal katalysatoren, wat zowel de H, opbrengst als de levensduur van de
katalysator verhoogt. De reactiviteit van het ontleden van water en de reactiviteit
van de resulterende hydroxylgroepen kunnen verder worden verbeterd door de
vorm en grootte van de ceriumoxide drager te veranderen. Gebaseerd op recent
onderzoek laten ceriumoxide nanokristallen excellente redox eigenschappen en
zeer specifieke activiteit/selectiviteit zien in vergelijking met bulk ceriumoxide
deeltjes. Echter, de kennis van de oppervlakte groep die verantwoordelijk is voor
de verbeterde katalytische activiteit van de ceriumoxide nanokatalysatoren is tot
op heden zeer beperkt. Het werk dat in deze thesis wordt gepresenteerd belicht
de fundamentele aspecten van ceriumoxidenanokristallen, met een sterke nadruk
op de rol van het oppervlak. De hoofddoelstellingen van dit werk zijn het on-
derzoeken van de werkelijk blootgestelde facetten, alsmede het begrijpen van de
reactiviteit van verschillende hydroxylgroepen en de rol van defecten op de ceriu-

moxide nanokristallen.

In het eerste deel van deze thesis (hoofdstuk 2), wordt relevante informatie over
de aard van de blootgestelde oppervlakken in deze CeO, nanovormen verkre-
gen, gebruikmakend van aberratie gecorrigeerde transmission electron microscopy
(AC-TEM) en high-angle annular dark field imaging (HAADF). Voor het huidige
werk bestonden er tegenstrijdigheden in de literatuur met betrekking tot de bloot-
gestelde oppervlakken van deze ceriumoxide nanokristallen. Er werd bijvoorbeeld
in het algemeen aangenomen dat staven een verhoogde activiteit laten zien ten
gevolge van de blootstelling van de actieve {110} en {100} oppervlakken. Deze
bevindingen werden gerapporteerd vr de huidige ontwikkelingen in TEM (van AC
en HAADF), en dus waren de resultaten onduidelijk. Bovendien suggereerden
onze initile FTIR resultaten dat ceriumoxide staven en octahedra overeenkomsten
laten zien met betrekking tot de blootgestelde oppervlakken. Dit spoorde ons aan

om de staven opnieuw te onderzoeken met up-to-date TEM apparatuur. Uit de AC-
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TEM resultaten blijkt dat ceriumoxide octahedra en staven beide getermineerd zijn
met {111} oppervlakken , terwijl de ceriumoxide kubussen vooral een {100} ter-

minatie hebben.

Bovendien werden Hj-gereduceerde ceriumoxide nanokristallen onderzocht op
de water gas shift (WGS) reactie, om de structuur-prestatie relatie te evalueren. We
vonden dat de WGS activiteit, wanneer genormaliseerd per oppervlakte-eenheid
(m?), identiek was voor ceriumoxide octahedra en staven, terwijl ceriumoxide
kubussen veel actiever bleken te zijn. Verder werden H,-gereduceerde ceriumox-
ide nanokristallen geanalyseerd, met FTIR spectroscopie bij 350°C, om de inter-
actie van verschillende oppervlakken met CO tijdens de WGS katalytische reactie
te begrijpen. Net als de WGS resultaten, bleek uit de observaties van de FTIR
spectra, dat hydroxyl (OH) vibratiebanden en hun interactie met CO, van zowel
staven als octahedra er precies hetzelfde uitzien. Aan de andere kant vertoonden
kubussen getermineerd met {100} vlakken een andere relatieve hoeveelheid van
de oppervlakte OH soort en de interacties met CO resulteerden in andere spec-
trale kenmerken in vergelijking met staven en octahedra. In het huidige onder-
zoek wordt duidelijk aangetoond dat de aard van de blootgestelde oppervlakken
zowel de WGS activiteit alsook de interactie van de oppervlakteplaatsen met CO
beinvloedt. Vanwege de aanwezigheid van dezelfde {111} blootgestelde opper-
vlakken laten ceriumoxide staven en octahedra een vergelijkbare WGS activiteit
zien, evenals een vergelijkbare interactie van OH soorten met CO, zoals gemeten
met FTIR spectroscopy. Interessant is dat kubussen met meer actieve {100} op-
pervlakken andere OH banden en interacties met CO hebben, wat resulteert in een

hogere WGS activiteit per m?.

Het is bekend dat de hydroxyl soorten de actieve plaatsen zijn in CeO, gedragen
katalytische reacties zoals WGS en sterische hindering kan leiden tot verschillende
hoeveelheden hydroxyl groepen op verschillende blootgestelde oppervlakken. In
het tweede deel van deze thesis (hoofdstuk 3), wordt de rol van verschillende
types actieve hydroxyl (OH) groepen op de nanokristallen (draden, octahedra en
kubussen) en hun respectievelijke reactiviteit voor CO en omvang van regener-
atie van OH groepen met water bestudeerd, waarbij FTIR spectroscopie wordt
gebruikt bij 200°C. Alle drie de ceriumoxide nanokristallen lieten gelijksoor-
tige OH stretching banden zien, maar wel met verschillende relatieve intensiteiten.

6



Op dezelfde manier lijken staven en draden op octahedra in het hydroxylgebied
van FTIR spectra. De brughydroxyl groep (OH***') op ceriumoxide draden en
kubussen werden reactief bevonden voor CO, terwijl alleen een gelimiteerde in-
teractie met CO werd geobserveerd voor octahedra. Bovendien werd de formatie
van waterstofcarbonaten alleen gevonden voor octahedra. De relatieve hoeveelheid
gedetecteerde defecten volgt de trend: draden > kubussen > octahedra. Gebaseerd
op deze observaties wordt voorgesteld dat zowel de aanwezigheid van defecten als
de vorm van ceriumoxide nanodeeltjes invloed hebben op de interactie van spec-
ifieke hydroxylgroepen met CO. Tenslotte laat daaropvolgende blootstelling aan
waterdamp bij 200°C een duidelijke vorm van afhankelijke wateractivatie met be-
trekking tot de OH groepen zien, wat resulteert in de verwijdering van verschil-
lende relatieve hoeveelheden van formaten en carbonaten die gevormd worden in

omgevings of CO atmosfeer.

Het is algemeen bekend dat de aanwezigheid van intrinsieke defecten, evenals
het gemak waarmee defecten vormen tijdens de reactie, een sterke invloed heeft
op ceriumoxide gekatalyseerde reacties. Om dit te begrijpen, wordt de betrokken-
heid van defecten in ceriumoxide staven bij de formatie van specifieke formaten en
carbonaat oppervlakken bij 200°C en 350°C bestudeerd middels een combinatie
van in situ Raman en FTIR spectroscopieén (hoofdstuk 4). Bij 200°C werd geob-
serveerd dat de meerderheid van de formaten en carbonaten die gevormd worden
in CO, geen vacatures vormen in het ceriumoxide rooster, terwijl bij 350°C de for-
matie van zowel formaten als carbonaten (mono/bidentate) resulteren in de produc-
tie van vacatures. Daarnaast werd de formatie van stabiele polydentaatcarbonaten
gevonden bij 350°C. Deze polydentaatcarbonaten waren stabiel in waterdamp en
vormden geen vacatures in het ceriumoxide rooster. Hierbij moet worden opge-
merkt dat, gebaseerd op de temperatuur, de Raman signaturen van de pieken van
de defecten die verschenen in CO zeer vergelijkbaar waren. Echter hun chemische
oorsprong lijkt verschillend omdat bij 350°C de toevoeging van H,O nodig is om
de vacatures te verwijderen, terwijl bij 200°C de meerderheid al verdwenen is in
de He flow die meteen na de CO productie wordt toegevoerd In het huidige werk
wordt ook voorgesteld dat behalve de gerapporteerde defecten, zoals anion Frenkel
paar en zuurstof vacatures, andere CO-geinduceerde defecten, i.e. vacature clus-
ters, interstiti€le en Schottky wanorde ook gevormd zouden kunnen worden in het

7
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ceriumoxide rooster. Verdere theoretische studies worden ten sterkste aangeraden
voor de identificatie van specifieke defecten en de bijbehorende piek toekenningen
in Raman spectra.

Ten slotte, in het laatste deel van de thesis, wordt de defectchemie van gere-
duceerde ceriumoxide nanokristallen tijdens de interactie met CO en H;O uit-
gebreid besproken als functie van de blootgestelde oppervlakken (hoofdstuk 5).
De defectchemie van zowel staven als octahedra (met {111} vlakken) als functie
van de gasomgeving waren vergelijkbaar. In het bijzonder de CO geinduceerde
defecten voor staven en octahedra zijn zeer vergelijkbaar, terwijl de defectfor-
matie in CO (i.e. de {100} vlakken) voor kubussen fundamenteel anders was.
Bijvoorbeeld de zuurstofvacature (O,,.) in kubussen wordt gevormd in CO ten
koste van bestaande anion Frenkel paar defecten (Ip), terwijl in het geval van de
andere twee nanokristallen beide defecten (O, en Ip) werden gevormd, ongeacht
de bestaande Ip defecten. Deze Raman bevindingen worden verder ondersteund
door FTIR resultaten die bevestigen dat H>-behandelde staven en octahedra verder
kunnen worden gereduceerd in CO omgeving, waarbij gelijktijdig onbedekte ceri-
umionen en nieuwe defecten (O,,. en Ip) ontstaan. In tegenstelling tot staven en
octahedra, zijn Hp-behandelde kubussen niet verder reduceerbaar in CO en daarom
ondergaan deze structurele/vacature herschikking om verder te reageren met CO.
Deze observaties bevestigen dat defectchemie op ceriumoxide nanokristallen di-
rect athankelijk is van de oppervlakte terminatie.

Uit dit onderzoek blijkt duidelijk dat ceriumoxide kubussen een hogere katalytis-
che activiteit (per m?) hebben dan staven en octahedra. Dit wordt toegeschreven
aan de verschillende blootgestelde oppervlakken, welke leiden tot verschillende
defectformatie mechanismes, verschillende relatieve hoeveelheid en reactiviteit

van hydroxylgroepen.
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CHAPTER 1

Abstract

This introductive chapter gives an overview of the structure, properties and ap-
plicability of cerium oxide. Emphasis is put on the recent technological advance-
ments to synthesize these materials into nanoshapes. The knowledge reported so
far related to ceria nanoshapes is discussed. At the end of the chapter the scope of

this thesis is presented.

1.1 Introduction

Chemical processes form an integral part of our modern lifestyles - from manu-
facturing pharmaceuticals and processed food, cleaning polluted air/water, making
paper and plastic materials, refining metal and fuel for transport purposes, etc. The
chemical industry is one of the largest industrial sectors of the global economy.[1]
90 % of all commercially produced chemical products benefit from a catalytic ma-
terial that is responsible for enhancing the reaction rate and selectively generating
the desired product.[2]

Metal oxide catalysts with high catalytic activity and relatively low costs are
heavily exploited for the production of renewable energy, remediation of environ-
mental pollutants and synthesis of chemicals.[3—5] The role of oxides in the field
of catalysis has evolved from being simple inert catalyst supports to engineered
catalysts with distinct shapes and compositions tailored for achieving optimum

selectivity and activity in a chemical reaction.[5-7]

1.2 Cerium oxide (ceria)

Rare-earth oxides have been widely used as structural and electronic promoters
to improve activity, selectivity and thermal stability of catalysts.[4] Cerium is the
most abundant rare-earth metal in the Earth’s crust (approx. 66.5 ppm) and is more
abundant than copper, cobalt and lithium.[8] The main sources of cerium are the
light rare earth element (LREE) minerals such as, bastnisite, allanite, cerite and
monazite.[9, 10] Cerium oxide (commonly known as ceria, CeO;) is one of the
most significant and applied rare earth oxides in industrial catalysis.[8, 11]
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1.2. CERIUM OXIDE (CERIA)

1.2.1 Structural properties and defect chemistry of ceria

Cerium oxide (CeO,) has a cubic fluorite structure with space group Fm3m and a
cell parameter of 5.41 A at room temperature.[12] The CeO; structure (figure 1.1)
consists of a cubic close-packed array with each cerium ion (white circles) coor-
dinated by eight oxygen ions (grey circles), and, vice versa, each oxygen ion is

surrounded by four cerium ions in a crystal unit.[13]

a

Figure 1.1: Fluorite structure of ceria. Oxygen ions are the dark grey circles and cerium
ions are the white circles.[14]

The importance of CeO, originates from its unique redox properties and high
oxygen storage capacity (OSC), allowing to switch between Ce** and Ce3* in a
stable fluorite structure. In other words, CeO, can undergo substantial oxygen
stoichiometric changes in response to change in temperature, oxygen pressure,
electric field and presence of dopants, without undergoing a change in the fluorite
crystal structure.[15-22] The transport of oxygen in the ceria lattice results in the
creation of intrinsic point defects.[12] These point defects can be created either by
thermal disorder or by interaction with the surrounding atmosphere. The predomi-
nant defects observed in reduced ceria are anion Frenkel pairs and anion vacancies
(figure 1.2).[12,23]

In the anion Frenkel type defect, an oxygen ion is displaced from its lattice
position to an interstitial position, hence creating a vacancy at its original position
and a defect at the interstitial site.[23-25] In general, the formation of these defects
does not influence the overall charge and stoichiometry of the lattice. The defect
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Perfect lattice Anion-Frenkel pair defect Oxygen vacancy defect
Ce Ce
XOCEX XXX
XK X X

Interstitial defect Schottky defect

Figure 1.2: Possible types of point defects in the CeO, lattice. Key: Oxygen - dark grey
circles; cerium - white circles; vacant sites - red squares with “V”.

type is illustrated using the Kroger and Vink defect notation as
05 < 0; +V; (1.1)
where, 0’5 and 0;/ represent oxygen ions in the lattice and interstitial positions

respectively and V5 indicates an oxygen vacancy created at a lattice site.

In the oxygen vacancy defect, an oxygen ion is removed from one of the lattice
positions, hence creating a vacant site. [26-28] In order to maintain the charge
balance in the lattice, two Ce(IV) ions reduce to Ce(III) ions. The defect formation

is represented by the following equation:
/ 1
0% +2Cef, — Vi +2Cec, + 502 (1.2)

Ce¥, indicates a cerium ion in its lattice position and Ce,., denotes the reduction
of cerium from Ce(IV) to Ce(III).

In the past years, several studies based on energy calculations have also sug-
gested the presence of additional defects in the ceria lattice, such as interstitial and
Schottky disorder.[12,24,25] An interstitial defect is the displacement of both a

12
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cerium and two oxygen ions to form interstitial sites, e.g.
208+ Cel, +2VX 5 20 + Cei + 2V + Vs, (1.3)

In the above equation, O; and Ce;~ indicate oxygen and cerium ions in their re-
spective interstitial sites and VX and Vég represent the vacant interstitial site and
vacant site created at the cerium lattice position, respectively.

Finally, in the case of Schottky disorder, vacant sites are created by the removal
of both the cations and anions from their lattice sites, whilst maintaining stoi-
chiometry.[12, 25] The following equation illustrates the defect:

205+ Cef, <> 2V + Ve, +CeOy (1.4)

Due to the unique oxygen transport properties and ability to accommodate large
concentration of defects, ceria is an attractive material for processes that require a

constant supply of oxygen in a reducing environment.

1.2.2 Applications

Because of its exceptional oxygen transport and defect creation properties, ceria

finds use in a wide range of applications, such as:

Solid oxide fuel cells (SOFC)

Fuel cells are well recognized as a sustainable technology to convert chemical
energy directly into electricity, with higher efficiencies than conventional thermal
engines.[29] SOFC are a class of fuel cells characterized by the use of a solid
oxide material as the electrolyte. The oxygen ions move from cathode to anode,
thereby undergoing an electrochemical reaction with Hj at the anode (figure 1.3).
Ceria is added to many SOFC anode formulations due to their higher oxygen ion

conductivity and lower cost.[30]

Solar fuel system

For the production of syngas (H, and CO), the key components in the Fischer-
Tropsch synthesis of transportation fuels, the solar fuel system is gaining recogni-
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Figure 1.3: Schematic drawing of a solid oxide fuel cell.

tion. Syngas can be obtained by splitting H,O and CO; via solar-driven thermo-
chemical cycles using metal oxide redox reactions. Due to the reduction/oxidation
properties, rapid oxygen diffusion kinetics, morphological stability and high cat-
alytic activity, ceria-based materials have emerged as a potential candidate for solar

fuel systems.[31,32] See figure 1.4 for the conceptual ceria based solar system.

Figure 1.4: Schematic of the two-step ceria based solar fuel system.[33]
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1.2. CERIUM OXIDE (CERIA)

Biomedicine

The ability of ceria to switch between Ce** and Ce3* is easily comparable to that
of biological antioxidants, hence making ceria attractive for biological applications.
[34-36] Interestingly, brain cell cultures have shown enhanced lifespan on intro-
duction of ceria nanoparticles in their environment by reversibly binding with free
radical oxygen species (ROS). The ROS are identified as a component in medical
diseases, including atherosclerosis, arthritis and neurodegenerative disorders such

as Parkinson’s and Alzheimer’s.[37]

Catalysis

Because of its distinctive redox properties, ceria can greatly enhance the catalytic
activities for a number of important reactions when it is used as a support for tran-

sition metals.[38—41] Some of the key example include:

Three-way catalysts (TWC)

To limit harmful emissions, three-way catalysts are incorporated in petrol and
diesel engines. The catalyst uses a ceramic or metallic substrate coated with
metal oxides with combinations of precious metals like platinum, palladium and

rhodium.[39, 42] A three-way catalytic converter has three simultaneous functions:
1. Reduction of nitrogen oxides into elemental nitrogen and oxygen.
2NOyx — N2+ Oy
2. Oxidation of carbon monoxide to carbon dioxide.
2CO0+ 07 = 2C0;
3. Oxidation of hydrocarbons into carbon dioxide and water.

“CH” 4+ 05 — CO, + H,Of

TUnbalanced equation
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CeO, is widely used as a promoter in three-way catalysts for treatment of toxic ex-
haust gases, to remove soot from exhaust gases.[39] This application is attributed
to the high OSC as well as high metal dispersion that can be easily achieved using

ceria.

Preferential oxidation of CO

High purity H, gas is essential for fuel cell applications requiring a proton ex-
change membrane as electrolyte (PEMFC, proton exchange membrane fuel cell).
[43-46] In PEMFC, the hydrogen is ionized to a proton, generating an electron at
the anode. The proton migrates through the polymer membrane to the cathode and
further reacts with O, to form H,O (figure 1.5).

[
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Figure 1.5: Schematic drawing of proton exchange membrane fuel cell.

The CO content in the reactant gas (i.e. H) must be kept below 100ppm for
proper operation.[46] Industrially, hydrogen can be produced by steam reforming,
partial oxidation and auto-thermal reforming of hydrocarbons.[43, 47] However,
during these reactions CO, (i.e. CO, CO,) is also formed as a by-product. Notably,
the CO content can be reduced to 0.5 — 1 % by the reaction with steam (water gas
shift reaction).[48] However, the remaining concentration of CO is still too high
for use in PEMFC and should be further lowered (< 100ppm) by preferentially
oxidizing (PROX) CO on a suitable catalyst without excessive consumption of
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H,.[46]
2CO0+ 0, —2C0, (1.5)

Based on the high activity required to remove CO while maintaining a high
CO oxidation selectivity and minimum oxidation of Hj, desirable PROX catalysts
generally comprise of metal (Pt, Rh, Pd, Au, etc.) supported on an oxide (ceria,
alumina, silica).[49-51] So far, ceria-supported platinum (Pt), rhodium (Rh) and
palladium (Pd) catalysts have been found to have remarkable activity in the low
temperature oxidation of CO.[50] This can be attributed to the CeO, support that
can promote oxidation even under an oxygen-deficient environment due to its high
OSC.[45]

Steam reforming of bio-oil

The continuous depletion of fossil fuels has necessitated the search for an effi-
cient and environmentally acceptable way to generate hydrogen (H») from sus-
tainable resources.[52, 53] One of the promising alternatives is to generate hydro-
gen by steam reforming of bio-oil (obtained via flash pyrolysis of bio-mass), see
figure 1.6.

CoHn Oy + (20— k)H20 — nCO; + <2n + % - k) Hy  AH% > O0kJ.mol™!

(1.6)
Bio-oil is a complex mixture of oxygenates. Therefore a wide variety of model
compounds such as carbon monoxide, methanol, ethanol, acetic acid, etc. are
studied for designing and understanding the appropriate catalyst for steam re-
forming.[54] Transition metal oxides like CeO,, ZrO,, TiO, and mixed oxides
with metal loading seem to be good catalyst supports for steam reforming be-
cause of their tunable oxidation states which render better stability and enhanced
activity.[54-57]

Low temperature water gas shift reaction (LT-WGS)
WGS is a reversible exothermic process to convert CO and H,O into H, and CO,.

The WGS reaction is usually coupled with steam reforming of hydrocarbons to
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Figure 1.6: Schematic showing bio-mass conversion routes.[52]

maximize the H, yield and decrease the amount of CO.[58]
CO+H,0 < CO,+H, AHSgSZ —41.1kJ.mol ! (1.7)

The WGS reaction is exothermic, i.e., with an increase in temperature the reaction
equilibrium shifts to the left. Therefore, to suppress thermodynamic limitations
and attain higher CO conversions, the WGS reaction is carried out in two stages.
In the first stage, a high-temperature shift (HTS) is performed at 300 — 450°C,
followed by a low-temperature shift (LTS) reaction operated at 180 —230°C.[59]
Standard industrial catalysts for HTS and LTS stages are Fe,O3; promoted with
Cr,03 and Cu on ZnO/Al, O3 respectively.[60-62]

These traditional catalysts are unsuitable for mobile use, such as in PEM fuel
cells, since they are pyrophoric (reactive to O,) and require very careful engine
start-up/shut-down procedures.[63] Alternative materials, such as ceria-supported
metal catalysts, have received much attention as a new low temperature single
step WGS catalyst.[62, 64, 65] It has been suggested, especially for Pt-supported
catalysts that ceria support acts as a bi-functional catalyst in which CO is adsorbed

18



1.2. CERIUM OXIDE (CERIA)

on the metal sites and H,O dissociation (to regenerate hydroxyl groups on ceria
support) occurs on the defect sites (oxygen vacancies) leading to higher catalytic
activity (figure 1.7).[38, 66]

H
Active site @ O

_ H
+H,0
é Active site @ o

Figure 1.7: Low temperature water gas shift reaction pathway on hydroxylated CeO,
supported catalyst. “M” illustrates the active site of a metal particle.

1.2.3 Low index surfaces of ceria

Ceria particles with fluorite lattice (figure 1.1) preferentially expose the stable
(111) planes.[67,68] However, by reducing the particle size of ceria to nano-
dimensions, contributions from the less stable (110) and (100) terminations have
been reported.[8, 11,17] The three index lattice planes on the surface of CeO,
nanocrystals are shown in figure 1.8.[3, 69] CeO, (111) has an open structure with
O in the top layer followed by an accessible Ce layer, whereas, on the (110) sur-
face, both Ce and O atoms are in the top layer.[13] In the case of the ceria (100)
plane, the surface layer is terminated by O and the Ce layer underneath is not ac-
cessible, making this surface polar and unstable.[13, 70] Different planes have dif-
ferent numbers of nearest bonded neighbors for Ce and O on the exposed surface.
For instance, in the (111) plane Ce is bonded to 7 oxygen, with oxygen bonded to
3 cerium. For the (110) and (100) planes, the Ce:O coordination number on the
exposed surface is 6:3 and 6:2 respectively.[3] This leads to the relative stability of
the low index ceria surfaces following the trend: (111) > (110) > (100).[69, 71]

19



CHAPTER 1

The non-polar CeO, (111) surface undergoes little relaxation, whereas the other
two planes can undergo significant lattice relaxations.[3, 69, 72] Furthermore, the
formation energies of oxygen vacancies on different surface planes of ceria vary,
following the order (110) < (100) < (111).[73]

[001]

[112) L [170) 001

Figure 1.8: CeO; (111), (110) and (100) surfaces. White and black circles represent
cerium and oxygen ions respectively.[3]

With plane specificity in mind, several fundamental investigations have been
performed on epitaxial ceria thin films in ultra high vacuum, such as adsorp-
tion of probe molecules like CO,[74] H,0O,[13, 75] acetone,[76] acetaldehyde,[77]
formic acid,[78] etc., and even the WGS reaction.[79] From those studies, it is con-
cluded that the (100) surface is more active in adsorbing and reacting with probe
molecules than the (111) surface.[70] Furthermore, (100) planes are more suscep-
tible to surface reconstruction and defect formation to relocate the surface charge
in the lattice for attaining stability.[72] Whilst these plane-specific investigations
give a glimpse of the fundamental surface-dependent behavior of CeO,, the con-
ditions (ultra high vacuum) are far from real catalytic conditions, so transfer of
knowledge to more practical situations is not straightforward.
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1.2.4 Ceria nanoshapes

Based on the above, it can be concluded that ceria particles with low index surface
planes and easy defect formation are desirable for catalytic applications. Nanos-
tructured ceria can be synthesized using various approaches, such as precipita-
tion, hydrothermal, sol-gel and surfactant-assisted (figure 1.9).[8, 11, 17, 80] The
common cerium precursors used for synthesis include cerium(III) sulfate hydrate
[Cex(S04)3.xH,0],[81] cerium(III) nitrate hexahydrate [Ce(NO3)3.6H>0],[82, 83]
ammonium cerium nitrate [(NH4),Ce(NO3)4][84, 85] and cerium chloride (CeCl3).
[86,87] The new synthetic procedures developed in recent years have allowed
synthesizing ceria into desirable nanoshapes with well-defined exposed planes.
For instance, ceria nanoparticles usually have an octahedral shape, mainly expos-
ing stable (111) facets.[88] Ceria cubes preferentially expose active (100) planes,
whilst ceria rods are thought to expose (100) and (110) surfaces, which are less sta-
ble and thus more reactive than the (111) surface.[82, 83, 89] Compared with bulk
ceria, these ceria nanoshapes exhibit excellent redox properties and high specific
activity/selectivity due to the exposure of active surface planes, as well as having

more defects and higher surface to volume ratio.[8, 11, 73]

Already some interesting activity trends have been identified for these ceria
nanoshapes. For instance, ceria rods were reported to have the highest catalytic
activity towards oxidation of CO (figure 1.10),[83, 89, 90] naphthalene,[91] 1,2-
dichloroethane and ethyl acetate, in comparison to other nanoshapes (trend: Rods
> cubes > octahedra).[92] This observation was related to the exposed planes on
rods as well as surface defects such as vacancy clusters, pits and a high degree of
surface roughness. In fact, it has been suggested that the activation and transporta-
tion of active oxygen species in ceria rods is greatly enhanced due to the presence
of oxygen vacancy clusters.[93] In addition, these vacancy clusters cause exposure
of Ce** ions, which provide effective sites for the adsorption of CO, as illustrated
in figure 1.11. Hence, the existence of vacancy clusters, along with Ce3* sites,
positively affects the overall catalytic performance.

Furthermore, ceria cubes with (100) exposed planes have been reported to ex-
hibit excellent reducibility and high OSC.[94] Recently, Désaunay et al. inves-
tigated hydrogen oxidation on ceria nanoshapes and reported the following re-
ducibility trend: Cube > rod > octahedron, indicating that hydrogen oxidation is
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Figure 1.9: Synthesis pathways for the formation of CeO; in different shapes.[80]

Figure 1.10: CO oxidation plots at 400°C on ceria rods, cubes, and octahedra. Insets in

plot are TEM images of ceria rods, cubes and SEM image of octahedra.[90]
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Figure 1.11: Catalytic pathway for CO oxidation on CeO, rods. Adapted from Refer-
ence[93]

Figure 1.12: Catalytic mechanism for CO, reforming of methane over Ni-supported CeO,
rod.[97]

dependent on the structure of the exposed ceria surfaces.[67]

As mentioned in the previous section, reactions such as WGS, CO oxidation,
steam reforming, etc., widely use metal particles supported on cerium oxide. The
performance of the catalyst is strongly influenced by the particle size, porosity,
surface area and exposed planes of the support material.[11] These properties of
support material not only influence the dispersion of metal particles but also affect
the metal-support interactions. For instance, ceria rods have been found to strongly
adhere to highly dispersed gold particles of size < 1nm, whilst gold particles of
size ~ 3nm have been almost exclusively formed on ceria cubes.[95] Similarly, in
the case of the Ag/CeO; catalyst, CeO, rods have been shown to exhibit stronger
Ag-CeO; interaction than ceria cubes.[96] Another example includes Ni supported
on CeO; rods, an excellent catalytic activity and coke resistance has been reported
during CO; reforming of methane (figure 1.12). The enhanced activity is attributed
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to the increased bonding strength between the Ni metal particles with the ceria
support, as well as an increase in the presence and transfer of lattice oxygen from
the ceria support to metal particles.[97] Similar findings were also reported for Pt
and Pd-loaded ceria nanoshapes.[98, 99]

Most of the literature on ceria nanoshapes is mainly dedicated to different syn-
thesis routes followed by catalytic testing.[11, 83,91-93, 96, 98, 100-102] In fact,
it has only been in the last few years that some efforts have been made to under-
stand the structure-performance of these ceria nanoshapes. For example, Wu et al.
reported that the adsorption of surface dioxygen species varies with the defect sites
on these nanocrystals.[73] The stability and reactivity of these oxygen species are

also found to vary with the exposed planes on ceria nanoforms.

The adsorption and desorption of methanol was also investigated to probe the na-
ture of surface sites on ceria nanoshapes with well-defined exposed planes.[103]
Interestingly, on the surfaces of rods (exposing (110) and (100) planes) and cubes
(with (100) planes), three types of methoxy (CH30) species, i.e., on-top (I), bridg-
ing (IT) and three-coordinate (II) were identified on exposure to methanol at room
temperature, whilst exclusively on-top (I) types of methoxy groups were observed
on the ceria octahedra surface (with (111) facets, figure 1.13). This difference is
attributed to the different Ce/O coordination ratios as well as the number of de-
fect sites on the three nanoshapes. Furthermore, the methoxy species are found
to be less stable and hence more reactive on ceria rods, resulting in formation and
desorption of H, and CO at lower temperatures (< 310°C) than on cubes and oc-
tahedra.

The suggestion that the higher catalytic activity of rods is due to the exposed
(100) and (110) planes was originally made in the seminal works of Zhou[83] and
Mai.[82] Indeed the synthesis approach within those papers has become the stan-
dard recipe for the preparation of rods and cubes.[92, 101, 104—107] Furthermore,
the conclusion from those papers that ceria rods have exposed (100) and (110)
surfaces and grow along the [110] direction has been significantly relied on dur-
ing the past eight years for furthering the field.[73, 90,91, 93, 96, 98,99, 101, 103,
105, 107-109] However, discrepancies in the literature do exist. More recently,
it was suggested that ceria rods can also expose (111) surfaces as well as small
amounts of (100) planes.[110-112] In addition, it was proposed that the origin
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Figure 1.13: Schematic overview of adsorption and desorption of methanol on ceria nano-
shapes.[103]

of the enhanced reactivity for CO oxidation may not be connected with the sur-
face planes, but rather with the defects seen in these rods, particularly vacancy
clusters.[93, 100] Another recent report proposed that the ceria rods are not single
crystals but have a kind of complex core-shell structure exposing at least 50 % of
(110) along with the (111) plane.[67] Likewise, it has been suggested that CeO,
cubes exhibiting (100) surfaces may actually be composed of octahedral units, im-
plying thereby that their surfaces are composed of (111) facets.[113] In light of
these uncertainties, this thesis focuses on the in-depth characterization of the ceria
nanoshapes to understand the true exposed planes and the surface species actually

responsible for enhanced activity of nanocatalysts.

1.3 Scope and outline of thesis

Steam reforming of bio-oil, including the gasification of coke deposits in the pres-
ence of water, is a conceptually promising alternative to generate hydrogen gas.
During the gasification, H>O can be activated via the formation of hydroxyl groups
(OH) on oxides like ceria, which increases both the H, yield and the catalyst’s
lifetime. Further, ceria support can be tailored in different shapes to optimize the
reactivity for water dissociation as well as reactivity of resulting hydroxyl groups.
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To the best of our knowledge, consistent reports focusing on the characterization of
the surface species actually responsible for enhanced catalytic activity of nanocat-
alysts so far remain lacking. The scope of this thesis is to provide a coherent, sys-
tematic and consistent picture of fundamental aspects of ceria nanoshapes, with
emphasis on the effects of exposed planes on overall catalytic performance. Focus
is on the composition and surface structure of the oxide to determine the reactivity
for water dissociation, as well as the reactivity of the resulting hydroxyl species
with the model compounds representing coke deposits.

In chapter 2, definitive information on the nature of the exposed surfaces in
these CeO, nanostructures is provided using aberration-corrected high-resolution
transmission electron microscopy (AC-TEM). Furthermore, it is clearly demon-
strated that the nature of the exposed surface affects the activity in the WGS reac-
tion, as well as the interaction of surface sites with CO.

In chapter 3, the role of different types of active hydroxyl (OH) species on the
nanoshapes, their respective reactivity towards CO (simple representative probe
molecule for oxygenates in coke) and their extent of regeneration of hydroxyl
species with water has been investigated using in situ FTIR spectroscopy. Em-
phasis in this work is on a detailed understanding of water activation and reaction
into hydroxyl groups.

In chapter 4, the involvement of defects in ceria rods for the formation of spe-
cific formate and carbonate surface species at 200 and 350°C is investigated using
a combination of in situ Raman and FTIR spectroscopies. Furthermore, we use
CO adsorption and subsequent reaction with water to uncover the role of defects
as a function of exposed plane in chapter 5. The results in chapter 5 demonstrate
a detailed understanding of the roles of defects in ceria nanoshapes (reduced vs.
unreduced), with focus on the local defect structure as well as the extent of the
reducibility of ceria nanoshapes.

Finally, in chapter 6, all the results of the present research are summarized and
suggestions for future research are presented.
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Revealing the exposed planes on
ceria nanoshapes: The connection to
water gas shift reactivity

Research question:
What are the true exposed planes of ceria nanoshapes?

| Rods expose {111} surfaces
7

: &y~ +

@ Cubes are more reactive than rods and
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Our starting point was to validate the exposed surface planes as a function of
nanoshape, because the exposed planes are one of the key factors affecting the
catalytic activity of ceria supports.

*Published as: S. Agarwal et al., “Exposed surfaces on shape-controlled ceria nanoparticles
revealed through AC-TEM and water gas shift reactivity,” ChemSusChem 6, 1898—1906 (2013)
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CHAPTER 2

Abstract

Aberration-corrected transmission electron microscopy and high-angle annular
dark field imaging were used to investigate the surface structures and internal
defects of CeO, nanoparticles (octahedra, rods and cubes). Further, their catalytic
reactivity in the water gas shift (WGS) reaction and the exposed surface sites by
using FTIR spectroscopy were tested. Rods and octahedra expose stable (111)
surfaces whereas cubes have primarily (100) facets. Rods also have internal voids
and surface steps. The exposed planes are consistent with observed reactivity
patterns, and the normalized WGS reactivity of octahedra and rods are similar,
but the cubes are more reactive. In situ FTIR spectroscopy showed that rods and
octahedra exhibit similar spectra for OH groups and that carbonates and formates
form upon exposure to CO, whereas for cubes clear differences were observed.
These results provide definitive information on the nature of the exposed surfaces

in these CeO; nanostructures and their influence on the WGS reactivity.

2.1 Introduction

Ceria (CeO») has been extensively investigated in the field of heterogeneous catal-
ysis both as a catalyst and as a support for noble metals. This is due to its unique
redox properties and high oxygen storage capacity (OSC), allowing it to quickly
switch oxidation state between Ce** and Ce>* in the stable fluorite structure.[1]
Because of these redox properties, CeO» is used in a wide range of applications
such as an ultraviolet (UV) absorber in sun blocks,[2] O, sensors,[3,4] and an-
tioxidant in the field of biomedicine.[5] CeO, is commercially used as a catalyst
support in applications such as three-way automotive exhaust catalysis (TWC)[6]
and as solid electrolytes in low temperature solid oxide fuel cells (SOFC).[7, 8]
Further, the oxidation of CO,[9-11] NO,[12] hydrocarbons,[13] the low temper-
ature water gas shift reaction (WGS),[14—16] and steam reforming of bio-0il[17]
have been investigated on CeO; and CeO,-supported catalysts.

In recent years, many studies have reported improved activity of CeO, cata-
lysts through synthesis of CeO, nanostructures with controlled morphology.[18,
19] The controlled morphology generates well-defined exposed crystallographic
planes, which may lead to improved catalytic activity. Synthesis procedures for
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these CeO, nanocrystals are well developed for generating morphologies such
as cubes,[20] rods,[1, 10, 18,20, 21] wires,[1] tubes,[22, 23] octahedra,[24] spin-
dles,[25] 3D flower-like shapes,[26, 27] and spheres.[21] These materials have also
been studied in catalytic reactions. The literature shows that CeO, morphology
can play an important role in catalytic performance.[1, 11, 18,21,23,26,27] For
instance, CeO; cubes were reported to exhibit excellent reducibility and high oxy-
gen storage capacity (OSC) attributed to the presence of (100) planes.[28] CeO»
rods attracted attention because they provide a high surface area. The rods are
thought to expose (100) and (110) surfaces, which are less stable and thus more
reactive than the (111) surface.[29] It has also been suggested that the CeO; rods
have surface defects[9, 30] such as vacancy clusters, pits and a high degree of sur-
face roughness. CeO, rods have been reported to exhibit enhanced reactivity for
the oxidation of CO,[1, 10, 11] NO,[12] 1,2-dicholorethane, and ethyl acetate.[31]

The morphology of CeO; rods was deduced in the work of Zhou[10] and Mai,[20]
and the synthesis approach reported by these authors has become the standard
recipe for the preparation of CeO; rods and cubes.[11,30-36] Most recent studies
rely on the morphology proposed in these early papers, suggesting that CeO, rods
have exposed (100) and (110) surfaces and grow along the [110] direction.[33, 37—
41] However, careful examination of the early studies shows that the limited reso-
Iution of TEM in those days made it difficult to obtain clear images of the surface
regions. Furthermore, high-angle annular dark field (HAADF) imaging was not
used in these studies to provide definitive shape information. More recently, it was
suggested that CeO; rods can also expose (111) surfaces and it was implied that the
origin of the enhanced reactivity for CO oxidation may not be connected with the
surface facets but rather with the defects seen in these rods, particularly vacancy
structures.[9, 12,25,42] Likewise, Asahina et al.[43] suggested that CeO, cubes
exhibiting (100) surfaces may actually be composed of octahedral units, implying
thereby that their surfaces are composed of (111) facets. In light of these uncer-
tainties, we decided to investigate the surfaces of CeO; by using a combination of

TEM technique as well as surface reactivity measurements.

Previous researchers used high-resolution TEM (HRTEM) to identify surface
features and the morphology of the nanoparticles. Conventional HRTEM does

not allow us to visualize the surfaces very clearly due to image delocalization and
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Fresnel fringes. The development of aberration-corrected transmission electron
microscopy (AC-TEM) has pushed the resolution below 1A, both in TEM and
STEM modes.[44,45] AC-TEM has recently been used to investigate the beam-
induced cationic mobility on the surface of CeO, nanoparticles.[46,47] In the
present study, we used a double aberration-corrected microscope (JEOL JEM-
ARM 200F) equipped with both image and probe correctors. This combination
of atomic-scale resolution in TEM and STEM images provides insights into the
nature of the surfaces of these CeO, nanoshapes. As microscopy is a local tech-
nique, we have also included XRD and Brunauer-Emmett-Teller (BET) surface
area measurements to provide a better average of the structure and morphology of
these powders. To characterize the surface reactivity, we have used the water gas
shift (WGS) reaction as a probe reaction. In addition, FTIR spectroscopy of ad-
sorbed CO allows us to obtain mechanistic insight into the surface reactions taking
place on the respective CeO; nanoshapes. This combination of techniques allows
us to present a complete picture of the nature of the surfaces in shape-controlled

CeO, nanoparticles.

2.2 Experimental section

2.2.1 Catalyst preparation

All materials used were of analytical purity, obtained from Sigma-Aldrich. CeO,
rods and cubes were synthesized through the hydrothermal procedure first reported
by Mai.[20] Ce(NO3)3.6H,O (2.17g) and NaOH (24 g) were dissolved in 5 and
35mL deionized water, respectively. The solutions were mixed and stirred for
30min. This resulted in the formation of milky slurry, which was then transferred
to an autoclave (125mL) and filled with deionized water up to 80 % of the total
volume of the autoclave. The solution was subjected to hydrothermal treatment
for 24 h at temperatures of 100 (for rods) and 180°C (for cubes). Next, the fresh
precipitates (yellow color for rods and white for cubes) were separated by cen-
trifugation, washed with deionized water several times, followed by washing in
ethanol and drying at 60°C in air overnight. The reference shape used in this study
was the CeO, octahedron (99.9 % pure), which was obtained from Sigma-Aldrich
and had an average particle size smaller than 25 nm. The samples were calcined at
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500°C (heating rate 5K /min) for 4h in synthetic air (flow rate = 50 mL/min) and

subsequently cooled down to room temperature in air before use.

2.2.2 HRSEM, BET and XRD characterization

The HRSEM and TEM images (after WGS testing) of the CeO, nanoshapes were
recorded by using Carl Zeiss Merlin and Philips CM300ST-FEG electron micro-
scope (operated at an acceleration voltage of 300kV), respectively. BET surface
areas were determined by performing N, physisorption using a Micromeritics Tris-
tar instrument. The samples were out-gassed in vacuum at 300°C for 24 h prior to
analysis.

X-Ray diffraction data were recorded with a Bruker D2 Phaser diffractometer
using CuKy, radiation (A = 0.1544 nm). XRD patterns were measured in reflection

geometry in the 20 range between 0° and 90°.

2.2.3 AC-TEM and STEM measurements

The investigation was performed by using a double-aberration-corrected JEOL
ARM200F operated at 200kV accelerating voltage equipped with a Gatan GIF
Quantum with dual EELS capability as well as an Oxford XMax 80 EDS (Energy-
dispersive X-Ray spectroscopy) detector. The TEM imaging was conducted by us-
ing a Gatan Ultrascan USFTXP camera with the STEM imaging performed in both
BF and ADF mode. The probe used for STEM imaging had a convergence angle
of 17mrad with a probe current density of approximately 68 pA. The acceptance-
angle range used for ADF imaging was 68 — 230 mrad. The nominal probe diam-
eter for STEM imaging was 0.08 nm, and the point resolution for TEM imaging
was 0.11nm. We used the Gatan Digital Micrograph software for analysis of the
images and the CrystalMaker software for visualizing the structure of CeO; along

different crystallographic projections.

2.2.4 FTIR spectroscopy

Transmission FTIR measurements were recorded with a Bruker Vector 22 by av-
eraging 128 scans with a spectral resolution of 4cm™! and time intervals of 120s.
The background spectrum was recorded by using an empty cell. The FTIR signal
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was recorded with MCT (mercury-cadmium-telluride) detector. A self-supporting
pellet of about 13 — 15mg of sample was pressed and added into a homemade
stainless steel cell. The samples were pretreated in H, flow (20mL/min) at 450°C
for 1h (heating rate 5K/min). After pretreatment, the FTIR cell was cooled to
150°C in a He flow and then heated to reaction temperature. He was dried by us-
ing a Varian Chromopack CP17971 gas clean moisture filter, to trap any moisture
in the gases. For CO adsorption experiments, 33 vol% CO (Hoekloos 4.7) in He
(Hoekloos 5.0, total flow 20mL/min) was used. All tubes from the gas panel to
the cell were preheated to 200°C to avoid a sudden temperature drop in the FTIR

cell.

Background: Empty cell.

2.2.5 WAGS catalytic activity testing

WGS catalytic activity measurements were performed in a parallel ten-flow mi-
croreactor system. For the HyO/He stream, He was introduced into an evaporator
mixer unit filled with deionized water, which was connected to a liquid flow con-
troller and mass flow controller (Bronkhorst) to control the HyO/He flow. All the
tubes from the evaporator unit to the microreactor was heated above 100°C to
avoid condensation in the line. High-purity gases were used in the catalytic exper-
iments [e.g., Hp, He (5.0) and CO (4.7, from Linde)]. The CO/H;0O reaction feed
ratio used was 1:3 balanced by He, and the total volume flow rate was 200 mL /min,
resulting in a gas hourly space velocity (GHSV) of about 2.4 x 10* ngc’a{_h*I. The
particle size of the samples was between 125 — 250 mm, and the amount of cata-
lyst used was 50mg diluted with 320mg of SiC of the same sieve fraction. The
reactions were performed at atmospheric pressure and at 350°C. The catalyst was
reduced in H, balanced by He flow (Hy/He = 1:4) at 500°C for 1 h prior to catalytic
measurements. After pretreatment, the reactor system was cooled to 150°C in He
flow and then heated to reaction temperature in a CO/H,O/He flow. The effluent
stream from the reactor was directed to a Compact GC (Interscience) equipped
with Porapak Q (TCD-thermal conductivity detector) and Molecular sieve 5A
(TCD) columns for online detection of Hy, CO, and CO, gases.
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2.3 Results and discussion

CeO; rods and cubes were synthesized by using the approach described by Mai et
al.[20] The BET surface areas of ceria rods, octahedra, and cubes were found to
be 80,58, and 10m? /g, respectively. The samples did not possess microporosity
and have average pore sizes larger than 10nm. The pore volumes of CeO, rods,
octahedra, and cubes were 0.33,0.20, and 0.05cm? /g, respectively. The surface
area is consistent with the particle sizes observed by SEM and TEM, showing that
on average the cubes are significantly larger in size than the other two samples.
Figure 2.1 shows the XRD patterns of the three samples. The prominent CeO;
diffraction peaks are consistent with the expected CeO, reflections according to
ICDD card 431002.[48] The XRD peaks are broad due to the small size of the
CeO; crystallites. Although it is difficult to derive average crystallite dimensions
from Scherrer analysis for particle shapes that differ from spherical geometry, we
have performed this analysis to obtain corroboration of our TEM observations.
The sizes derived from the analysis of XRD data were as follows: Rods 29nm,
cubes 58.7nm, and octahedra 51.2nm. Our XRD data for CeO, nanoshapes are in
agreement with the work of Mai er al.[20] (recipe we used for synthesis) as well
as with the work of Wu et al.,[30] Dai et al.,[31] Gamarra et al.,[49] Torrente-
Murciano et al.,[50] and Désaunay et al.[51] (see data compiled in table A2.1 of
the Appendix).

All three samples in figure 2.1 show some degree of asymmetry in the peak
profile, as seen from the presence of a shoulder, or second peak on the left of the
(311) reflection (see the Appendix, figure A2.1; most prominent for rods).

We assign this shoulder to the existence of a bimodal particle size distribution,
with the smaller particles showing a lattice constant that is larger than bulk CeQO,.
The lattice expansion can be caused by the presence of Ce®* ions in this ionic
lattice as explained by the model presented by Tsunekawa et al.[52] A bimodal
particle size distribution can be clearly observed in the HRSEM and TEM images
and, hence, is consistent with this interpretation. In this sample set, all samples
exhibit this bimodal particle size distribution, but we will show below that the
particle size does not affect the surface termination of the CeO, nanoshapes. To
establish the surface structure and morphology, the CeO, nanoshapes were ana-
lyzed by HRSEM, AC-TEM, and AC-STEM, the latter in bright field (BF) as well
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Figure 2.1: XRD patterns for controlled-morphology CeO, powders used in this study.
The (111) reflection is highlighted with a vertical line and shows that the rods and octahe-
dra samples have very similar lattice constants. The Appendix (figure A2.1) presents an
expanded view of the (311) reflection of these samples, showing the asymmetry in peak
shape (related to bimodal particle size distribution) more clearly.

as in dark field (HAADF) imaging modes. We also embedded the rods in epoxy
and prepared cross-section samples using an ultramicrotome, which allows us to
analyze rods end-on. We next describe the morphology of these samples, followed
by the catalytic reactivity and the FTIR spectroscopy of adsorbed species on the

surface.

2.3.1 Octahedra

Figure 2.2 shows an HRSEM image of CeO, octahedra. Well-defined, faceted
octahedra can be clearly seen. In addition, some fine-grained material is observed
of which morphology cannot be determined at this magnification. As we show in
the images to follow and in the Appendix (figures A2.2 and A2.3), the fine-grained
material has a similar morphology and exposed facets as the larger particles and
the octahedral shape is the dominant one in this sample.

BF and HAADF STEM images are shown in figure 2.3. The BF image contrast
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Figure 2.2: HRSEM image of the octahedra. Well-defined, faceted octahedra of differing
size are present in this sample. This sample shows a distinct bimodal size distribution,
with numerous particles that are much smaller than the large octahedra imaged here. This
bimodal size distribution gives rise to the asymmetric peaks for the (311) reflection seen
in figure A2.1 in the Appendix.

can arise due to diffraction effects, for which the orientation of each particle also
matters, whereas the HAADF image is dominated by atomic number and sample
thickness. As we are only dealing with CeO,, the differences in contrast in the
HAADF images can be directly related to sample thickness and this allows for
confirmation of the sample morphology. As shown in the inset, the octahedron
is composed of eight {111} surfaces with the top and bottom oriented along the
[100] direction. As seen in the dark field image, the prominent diamond-shaped
particles are thicker in the center than at the edges; hence, they are consistent with
an octahedron imaged edge-on. In addition to the dominant {111} planes, we
also observe that the truncated ends of the octahedra have exposed {100} planes,
as shown previously.[24, 53] Finally, the octahedra have four sharp corners in the
plane of square symmetry, directed in the (110) directions. As illustrated in the
model shown in the inset in figure 2.3 and A2.3 in the Appendix, we see sharp
corners where a {110} surface should have been present. The fact that we did not
see any {110} surface facets and the fact that growth occurs along [110] direction

indicates that the {110} surfaces are not stable.

A higher magnification STEM image is shown in figure 2.4. As the beam di-
ameter is about 0.8 A in this microscope, we can easily resolve the CeO, crystal
lattice. The BF image is analogous to an HRTEM image; hence, contrast at these
high magnifications comes from phase contrast. On the other hand, the HAADF
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Figure 2.3: (a) BF and (b) HAADF STEM images showing the octahedral shapes. The
thickness variation leads to the observed contrast change in the HAADF image (right),
confirming the octahedral shape, as the center is thicker compared to the top and bottom (as
seen from the inset). The smaller particles also expose the same dominant (111) surface,
which is seen more clearly in the higher magnification images shown in figures 2.3 and
2.4 and figures A2.2 and A2.3 in the Appendix.

image arises from incoherent scattering at high angles and is dominated by atomic
number contrast. The bright lines consequently represent rows of Ce atoms, be-
cause O atoms will be almost invisible due to their low atomic number. The com-
plementary BF and HAADF images allow us to see clearly the morphology of the
sample and the nature of the surfaces. The particles are randomly oriented; hence,
they are not lined up along the low index zone axes, which is why most of them do
not show cross fringes. Figure 2.4 shows that the CeO, {111} surfaces are smooth
and free from any surface steps, defects, or surface reconstruction. A TEM image
is a projection of a three-dimensional object. When the particle is large, some de-
gree of surface roughness can arise because the surface is not perfect over large
distances. The nature of the surfaces is further confirmed by the AC-TEM images
(see figure 2.5), where a large and a small octahedron are shown. The prominent
{111} facets show clearly resolved rows of Ce-atom columns with small {100}
facets. The inset is a model of the CeO, lattice showing that the AC-TEM im-
age clearly resolves single-atom columns of Ce. Approximately 20 — 25 images
were systematically analyzed for exposed crystal planes. Care was taken to ensure
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Figure 2.4: Higher magnification (a) BF and (b) HAADF STEM images showing the
nature of the (111) surface. There is no signficant surface roughness evident on these.

Figure 2.5: Aberration-corrected TEM images of large (a) and small (b) CeO, octahedra.
These expose the (111) facets and very small (100) facets. The surface termination is
abrupt, and there is no amorphous layer or surface roughness present. The inset in (b)
shows the structure of the CeO; lattice (Ce atoms: green; O atoms: red) and the agreement
between the white dots and the Ce atom columns.

that selected regions did not contain multiple overlapping particles to avoid inter-
ference when analyzing the data. Additional images are shown in the Appendix
(figures A2.2 and A2.3), showing that even the smallest particles expose {111}
facets.
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Figure 2.6: HRSEM image of the rods. These rods have a high aspect ratio (length/width)
exceeding 20.

2.3.2 Rods

Figure 2.6 shows a HRSEM image of the rods. This low magnification view reveals
that the sample contains a uniform distribution of rods with a width of 5 — 10nm
and a length of about 200nm, that is, an aspect ratio exceeding 20. The low-
magnification view does not show the cross-section of this rod, but it is clear that
the primary exposed surface is along the length of the rods and that the ends con-
tribute minimally to the total surface area. In figure 2.7, we show BF and HAADF
STEM images from these rods. The insets show fast Fourier transforms (FFTs)
that provide information on the periodicities seen in the image. Based on the cal-
ibration of the microscope, we can index these spots as {111} planes, implying
that the rods expose their {111} surfaces. The BF images also show characteristic
regions of low contrast that appear to follow the crystallographic directions. The
fact that these regions are dark in the HAADF image indicates less mass in those
regions. These features could arise from voids within the structure or from surface
steps. Recently, Florea et al., based on electron tomography, have assigned these
low-contrast features to internal pores in the CeO, rods.[54] As can be seen in
figure 2.7a, surface steps are observed along the length of the rods. Therefore, we
conclude that these low-contrast features represent voids as well as surface steps
in the CeO; rods. The shapes of these voids follow the stable surfaces of the CeO,
structure; hence, these voids are bounded by {111} surfaces.

The CeO, rods grow along the [110] direction. This is confirmed by the lattice
fringe images seen in figure 2.8c, where we see (220) lattice fringes. We recorded
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Figure 2.7: STEM images of CeO; rods. (a, c) BF images, (b, d) HAADF images.
The inset in the figures is the FFT that allows indexing of the lattice planes. The rods
expose (111) surfaces and have surface steps along the length. Areas of light contrast
can be seen in the BF image and these same areas look dark in the HAADF image. The
HAADF images confirm that these low-contrast features are voids in the CeO, rods that
are bounded by (111) surfaces. The contrast variation in the HAADF image suggests a
rectangular profile in the cross-section.
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numerous other images that confirm the growth direction to be [110]; this is consis-
tent with the crystallography proposed in the literature by Mai et al.[20] and Zhou
et al.[10] These authors have further proposed a rectangular cross-section for the
rods that would expose (110) and (100) surfaces. However, as can be seen in fig-
ures 2.7 and 2.8, our results show only {111} surfaces exposed by rods prepared
according to Mai’s recipe. In all of the images we analyzed, we did not observe a
well-defined {110} facet in any of the rods we imaged. To visualize the top and
bottom surfaces of these rods, we prepared a cross-section sample by embedding
the rods in epoxy and using a microtome to prepare a cross-section. Figure A2.4
shows the microtomed section where the rods are now embedded in epoxy. We
reasoned that some of the rods must lie end-on so we could image their cross sec-
tions. Based on their aspect ratio (> 20), any features with significantly smaller
aspect ratios must represent rods. Because the rods are long, we could not achieve
lattice resolution in the end-on views because the samples became too thick. We
note that there are other proposed models for CeO, rods based on multiply twinned
structures;[55] however, because the rods all show contiguous lattice fringes along
their length, they cannot be composed of internally twinned units. We also do not
observe the diamond-shaped cross sections suggested by Ta et al.[42] because the
thickness variation seen in our HAADF images does not agree with such a cross-
section. Based on our results, we can state that the only prominent well-defined
facet visible is the {111} surface, with the other surfaces being irregular and not
well-defined.

2.3.3 Cubes

Figure 2.9 shows a HRSEM image of the cubes. Well-defined cubic crystals range
in size from 10 — 100nm. The image also shows many smaller cubes giving rise to
a bimodal particle size distribution, which may explain the the asymmetric peaks
seen in the XRD pattern (see figure A2.1). Figure 2.10 shows an image of a cube
oriented along the cube edge. It is composed of {100} surfaces, but the corner at
which a (110) surface would be expected is not well-defined. We have included
insets showing the atomic arrangement of the CeO, structure indicating that the
(100) surface is not corrugated but perfectly matches what would be expected from
arow of Ce atoms. Because the (100) surface is polar, the charge imbalance can be
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Figure 2.8: AC-TEM images of CeO; rods at two different magnifications [(a) and (b)].
Insets in the figures are FFTs of the boxed region in the images. (c) The lattice fringes
confirm that the surfaces are {111} and the growth direction is (110). The other images
likewise show only {111} surface facets.

Figure 2.9: HRSEM image of cubes.

compensated by incomplete surface termination. As a result, we see incompletely
occupied rows of Ce atoms at the surface instead of a fully occupied row of atoms

as seen on the {111} surfaces.

2.3.4 WAGS reactivity measurements

To investigate the catalytic behavior, the samples were tested in the WGS reac-
tion. CeO; is known to be an excellent support for noble metals for this reac-
tion.[16] However, there are no reports of WGS reactivity on shape-controlled
CeO; nanoparticles without added precious metals. Researchers in the past have
tested these CeO; shapes for the CO/NO oxidation/reduction reaction, which are
known to be influenced by the OSC and defects in the CeO, surfaces.[9, 12, 30]
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Figure 2.10: AC-TEM image of a cube nearly oriented along its cube axis [010]. The
(100) surfaces can be clearly seen. They show single-atoms steps but no other form of
surface reconstruction [i.e., into (111) facets]. The (110) surface is indicated at the cube
corner, but it does not appear to be a well-defined facet. The structure of CeO, along
the [010] direction is also included as an inset, to show the agreement with the white
atom contrast on the right side of the image. The higher magnification view shows the
arrangement of Ce (green) and O atoms (red).

The literature suggests that WGS involves active hydroxyl species (OH) on the
CeO; surface.[56-59] We have previously reported that the interaction of OH
species with CO depends on the specific CeO, nanoshapes.[32] For this reason,
WGS was chosen as a suitable probe reaction for evaluating the role of the CeO;
surface on catalytic activity.

WGS catalytic measurements performed at 350°C after hydrogen pretreatment
(see the Section 2.2 for pretreatment details) are shown in figure 2.11. The activity
of the samples was expressed in mol CO per m? of CeO, to be able to correlate the
surface structure with activity. The BET surface areas of CeO; rods, octahedra,
and cubes were 80,58, and 10m? /g, respectively. Strikingly, the specific CO con-
version rates for octahedra and rods are identical, whereas cubes are twice more
active per surface area at 350°C. For cubes, a slight deactivation in the first half
hour was observed, but otherwise all three samples show stable conversion over
several hours. The CeO, nanoshapes preserved their shapes during reaction, as ev-
ident from TEM images of samples after reaction (see the Appendix, figure A2.5).
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Figure 2.11: Rate of CO conversion per m> during WGS reaction for rods (red), octahedra
(black), and cubes (blue) at 350°C after H, pretreatment at S00°C.

The activity trends are consistent with our observations from AC-TEM on the
exposed surfaces of the three CeO, shapes. The similar specific catalytic activi-
ties for rods and octahedra can be explained by the dominance of exposed {111}
surfaces. The higher catalytic activity, generally expressed as CO conversion per
gram of catalyst, of rods reported in the literature[1, 10, 11] thus may be caused by
the high surface area rather than the type of exposed crystal planes. On the other
hand, CeO, cubes expose the highly active {100} surfaces, which clearly show en-
hanced specific WGS activity compared to the stable {111} surfaces. It should be
recognized that the surface reactivity is not only determined by the exposed planes
but also by the sub-surface structure and the nature of defects. These features may
also determine reducibility, oxygen-vacancy formation and catalytic activity. The
WGS mechanism over CeO; nanoshapes and the nature of the reactive surface

intermediates is currently under investigation and will be reported in the future.

2.3.5 FTIR spectroscopy

To characterize the chemistry of the exposed planes of the reduced CeO; nano-
shapes in more detail, Fourier transform infrared spectroscopy (FTIR) at 350°C
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was performed. The experimental conditions chosen for FTIR were the same as
for WGS to gain spectroscopic insight related to the interaction of CeO, surfaces
with CO/H;0O molecules during WGS catalytic reaction. The spectra have not been
normalized to the surface area because the observed intensity was not only caused
by the amount of species present but also by the light scattering properties of these

nanoshapes, which are both size and shape dependent.[60]

After H; reduction, in flowing helium at 350°C

Transmission FTIR data of the Hy-reduced (for details see the Experimental Sec-
tion) CeO, nanoshapes in a helium flow at 350°C are displayed in Figure 2.12
(black lines). Figure 2.12a-c shows the range of O-H stretch vibrations between
3800 —3000cm ™. The three nanoshapes show distinct OH stretching bands, with
different intensities depending on the specific shape.

The hydroxyl stretch regions for octahedra and rods look quite similar, showing
a strong band at 3639cm™~! for bridging hydroxyls, with a shoulder at 3669 cm™!
arising from single-coordinated hydroxyl species.[61, 62] In addition, both sam-
ples show multi-bonded and hydrogen bonded OH species between 3600 and
3000cm!.[32] CeO, rods have a significant higher intensity for the multi-bonded
hydroxyl species at 3454cm™! than octahedra. The higher amount of bridging
OH groups for rods is most likely attributable to the voids and surface roughness
observed with AC-TEM (figures 2.7 and 2.8).

The hydroxyl region for cubes (figure 2.12c) looks more complex than those
for octahedra and rods. Closer examination reveals that cubes have the same OH
bands as rods but with different relative intensities. In addition, three additional
pronounced hydroxyl bands at 3738, 3602 and 3253cm ™! are observed for cubes.

So far, these specific hydroxyl bands have not been individually assigned in
the literature. The different surface termination for CeO, {111} and CeO, {100}
most likely explains why cubes show specific hydroxyl bands more strongly than
rods and octahedra. The CeO, (111) surface has both Ce and O exposed in the
top layer, whereas CeO, (100) is either O terminated or Ce terminated (see the
Appendix, figure A2.6). These different surface terminations will lead to hydroxyl
groups with different stretching frequency. Thus, the FTIR spectra show that rods
and octahedra resemble each other in surface termination, as evidenced by the
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Figure 2.12: Baseline corrected in situ FTIR spectra at 350°C of H,-reduced CeO; rods,
octahedra, and cubes in He flow (black spectrum) followed by 33 vol% CO/He (red spec-
trum) from (a)-(c) 3800 — 3000cm~! (hydroxyl region) and (d)-(f) 1800 — 800cm ! (car-
bonates and formates region).
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hydroxyl vibration bands, whereas cubes clearly have a different distribution of
the surface OH groups.

Figure 2.12 d-f (black lines) show the stretching and deformation bands of car-
bonates (1800 — 800cm™!) for octahedra, rod, and cubes.[63] These carbonate
species were formed on the fresh CeO, samples due to interaction with atmo-
spheric CO, when exposed to air.[32, 61] Clearly, these carbonates are stable to-
wards the reduction treatment in hydrogen. In comparison to our previous work
on fresh CeO, samples at 200°C, reduced CeO, nanoshapes are cleaner due to
the decomposition of some additional carbonates during hydrogen pretreatment at
higher temperatures.[32] Although the bands look similar for the three samples,
cubes clearly exhibit sharper carbonate bands at slightly different positions (max-
ima at 1392 and 1456cm ™) than octahedra and rods (1370 and 1456cm™1).

CO adsorption at 350°C

After 30min in helium flow at 350°C, the CeO, nanoshapes were exposed to CO
and the FTIR spectra after 30 min in CO are shown in figure 2.12 (red lines). Only
subtle changes are observed in the OH region upon exposure to CO (figure 2.12a-
c). For octahedra and rods, the broad band related to multi-coordinated and hy-
drogen bonded hydroxyls decreased in intensity. For rods, a slight and increased
intensity for bridged OH groups (3639cm™!) can be seen. For cubes, a minor
decrease in the hydrogen bonded hydroxyl groups (3253cm™!) was found. All
three nanoshapes show a significant decrease in intensity for single-coordinated
OH groups at 3669cm ™.

The interaction of CO with OH groups leads to the formation of adsorbed for-
mate species as evidenced by the band at 1580cm™! in figure 2.12d-f and C-
H stretching bands at 2846 and 2932cm™! (figure A2.7).[16,64] In addition to
formates, carbonates are formed upon exposure of the nanoshapes to CO (fig-
ure 2.12d-f). The spectral fingerprint for the carbonates after exposure to CO
is very similar for octahedra and rods, with multiple bands between 1600 and
1200cm~!. For CeO; cubes, the two bands initially present increased in intensity.
CO adsorption on fresh CeO, shapes at 200°C followed a similar trend, although
exact band positions and shapes were different.[32] The formate and carbonate

bands on cubes are relatively narrow compared to the formate and carbonate on
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octahedra and rods. This suggests, in combination with the well-resolved OH vi-
brations, that the surface adsorption sites on cubes are more distinct than on the
other two shapes.

The AC-TEM results in this study show that rods and octahedra expose {111}
surface planes that result in similar catalytic WGS activities per m?. In addition,
the type of hydroxyl species present and the surface interaction with CO on octa-
hedra and rods are similar, which is consistent with the identical WGS activities
per m? (figure 2.11). Cubes consist of the more reactive {100} surface planes,
which have different OH bands and interactions with CO, resulting in a higher
WGS reactivity per m2.

2.4 Conclusions

We used aberration-corrected TEM and HAADF STEM to investigate the mor-
phology of shape-controlled CeO, nanoparticles. Although differently shaped
CeO; particles were generated, we found that the WGS activity normalized per

2 was identical for CeO, octahedra and rods, whereas CeO, cubes were much

m
more reactive. Likewise, FTIR data of adsorbed CO and OH groups show a similar
surface structure and reactivity for rods and octahedra, which were again different
from the cubes. A detailed investigation of the CeO, nanoparticles was conducted
by AC-TEM and AC-STEM. The exposed surfaces were identified, and the na-
ture of the surfaces examined at atomic resolution. The TEM observations help
us explain the reactivity trends, as we found that both CeO, octahedra and rods
expose {111} surfaces. On the other hand, the CeO; cubes expose {100} surfaces,
which are consistent with their cubic habits. The combination of WGS reactivity
and FTIR and TEM measurements help us to reveal the true nature of the exposed

surfaces in these CeO, nanoparticles.
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Figure A2.1: Expanded view of the (311) reflection in the XRD patterns of the CeO,
samples. The peak asymmetry can be clearly seen and the presence of the shoulder on the
left (pointed with an arrow) indicates that a portion of the sample has an expanded lattice

constant.

Table A2.1: Summary of BET surface areas (m?/g) and average particle size (nm, cal-
culated using Scherrer analysis) values reported in literature[11, 25, 30,31, 35-37, 49, 50,
65, 66] for ceria rods and cubes synthesized using the Mai et al. recipe[20].

Rod Cube Calcination Reference
BET (m?/g) l Particle size (nm) | BET (m?/g) [ Particle size (nm) | temperature (°C)
56 16.4 21 31.2 350 [31]
93 11 29 43 400 [11]
79 11 24 95 400 [30]
93 11 29 43 400 [66]
110 8 24 35 500 [36]
130 10 14 75 500 [35]
76 16 20 46 500 [49]
66.7 - 359 - 500 [37]
43 22 11 48 600 [65]
62 - 30 - 600 [25]
74 9.1 13 37.3 - [50]
Mean = 80 Mean = 13 Mean = 23 Mean = 50
SD =25 SD=5 SD=8 SDh =21
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Figure A2.2: AC-TEM image of CeO, octahedra showing that the smaller particles (~
I nm) also expose prominent (111) facets. The shapes are not as well defined as the larger
octahedra imaged by HRSEM (figures 2.2 and 2.3). The exposure of two parallel (111)
surfaces with the other surfaces being irregular is also a common feature, and it is expected
that the rod cross section also has this same characteristic.

Figure A2.3: AC-TEM image shows that the smallest particles as well as the larger ones
exhibit well-defined facets with smooth surfaces. These particles all expose prominent
(111) surface facets and the (110) facet is missing, and instead we see a sharp corner.
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Figure A2.4: TEM images of microtomed sections of CeO; rods embedded in epoxy.
These sections provide an opportunity to see the rods end-on. The image on the right
shows some of the rods end-on (i.e. those with a short aspect ratio), allowing us to image
the rods in cross-section. Since the rods are thick when viewed end-on, it is not possible
to obtain HRTEM images.

(c)

Figure A2.5: TEM of ceria (a) octahedra, (b) rods and (c) cubes after water gas shift

(WGS) reaction. The ceria nanoshapes retain their morphology after the WGS testing at
350°C.
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Figure A2.6: The lattice models show the arrangement of Ce (green) and O (red) atoms.
(a) Top down view of CeO, (111). (b) Top down view of CeO, (100) surface. Insets show
ball and stick models of the side view of (111) and (100) surfaces respectively. The CeO,
(111) surface has both Ce and O exposed in the top layer, whereas CeO, (100) is either O
terminated or Ce terminated. These structures were drawn using CrystalMaker software.

D

Absorbance -

Octahedron

Wavenumber fem” —

Absorbance

e

..........

2950 2900 2850 2800 2750

Wavenumber lem” .«

Absorbance —=
c °

08 Cube

3000 2050 2900 2850 2800 2750

Wavenumber /cm” —~

Figure A2.7: Baseline corrected in situ FTIR spectra at 350°C of H, reduced ceria (a)
octahedron, (b) rod and (c) cube in He flow (black spectrum) followed by 33 vol% CO/He

(red spectrum) from 3000 —2730cm ™' (C-H formate) region.
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Ceria nanocatalysts: Shape
dependent reactivity and formation of
hydroxyl groups

Research question:
Are the active hydroxyl species on ceria shape-dependent?

Shape dependent interaction of ceria —OH groups with CO
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Now we know which planes are exposed, we turn our attention to the types of
hydroxyl species that are present, as a function of nanoshape. This helps iden-
tify shape-dependent performance because hydroxyl species are the active sites in
ceria-supported catalytic reactions.

*Published as: S. Agarwal, L. Lefferts, & B.L. Mojet, “Ceria Nanocatalysts: Shape Dependent
Reactivity and Formation of OH,” ChemCatChem S, 479-489 (2013)
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Abstract

Ceria nanoshapes (octahedra, wires and cubes) were investigated for CO adsorp-
tion and subsequent reaction with water. Surprisingly, the reactivity of specific OH
groups was explicitly determined by the ceria nanoshape. The nanoshapes showed
different levels of carbonates and formates after exposure to CO, the amount of
carbonates increasing from octahedra < wires < cubes. Subsequent reaction
with water at 200°C was also found to be shape dependent, resulting in different
amounts of recovered OH groups and removed carbonates and formates on the

different ceria nanoshapes.

3.1 Introduction

Cerium oxide (CeO;) is a key component of various commercial catalysts and
catalyst supports, used for applications such as three-way automotive exhaust cat-
alysts (TWC), oxygen sensors, solid electrolytes for low temperature solid oxide
fuel cells (SOFC), UV block, oxidation of CO and hydrocarbons, and low tem-
perature water gas shift reaction (WGS).[1-12] The unique catalytic behavior of
CeO; is a result of its excellent redox property and high oxygen storage capacity
(OSC) because it can quickly switch oxidation state between Ce** and Ce’" in a
stable fluorite structure.[13]

With the development of nanotechnology, successful effort has been made to
synthesize ceria nanocrystals with controlled crystallographic planes that show
new and improved chemical properties.[13—18] It has been reported that catalytic
activity for CO oxidation is greatly enhanced by tuning the dimension and mor-
phology of the CeO,, due to the presence of the highly active (110) and (100)
surface planes.[4, 8]

In the 1980s, detailed spectroscopic investigations had already been performed
on polycrystalline CeO;.[19,20] Sakata et al. studied the surface species formed
when CO and CO, were exposed to polycrystalline CeO,. A few years later, Bi-
net et al. extensively studied polycrystalline ceria in oxidized and reduced states,
describing the type of surface hydroxyl species and carbon species formed in the
presence of CO and CO,.[21-24] More recently, the formation of different types
of carbonate, formate (via unstable intermediate, formyl species), and carboxylate
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species was theoretically and experimentally identified on hydroxylated polycrys-
talline CeO, upon exposure of CO and CO,.[25] Recently, an FTIR spectroscopy
study reported on the surface species formed when CO was exposed to CeO; nano-
shapes.[26]

Furthermore, several fundamental investigations, such as adsorption of probe
molecules such as CO, H,0, acetone, formic acid, etc, and even the water gas shift
reaction have been studied on epitaxially grown ceria thin films in ultra high vac-
uum.[6,27-31] Although these plane-specific investigations give a glimpse of the
fundamental surface-related behavior of CeO5;, the conditions of those experiments
(ultra high vacuum) are far from real catalytic conditions.

So far, the specific reactivity of hydroxyl groups on the different ceria morpholo-
gies has not been studied in-depth. The goal of the present work is to determine
the effect of different ceria nanoshapes on their surface composition, emphasiz-
ing on the reactivity of the surface hydroxyl species towards CO and subsequent

interaction with water.

3.2 Experimental section

3.2.1 Catalyst preparation

CeO,-wires[13] and cubes[16] were synthesized via the hydrothermal procedure
reported in the literature. All materials used were of analytical purity, obtained
from Sigma-Aldrich. A fixed amount of Ce(NO3)3.6H,O (2.17 g for cubes and
1.09 g for wires) and NaOH (24 g for cubes and 20 g for wires) were respectively
dissolved in SmL and 35mL of deionized water. The solutions were mixed and
stirred for 30 min, which resulted in the formation of milky slurry. The resulting
liquid was then transferred to an autoclave (125 mL) and filled with deionized wa-
ter up to 80% of the total volume of autoclave. The solution was subjected to hy-
drothermal treatment at temperatures of 100°C (for synthesizing wire) and 180°C
(for synthesizing cubes) for 24h. After the hydrothermal treatment, fresh white
precipitates were separated by centrifugation, washed with deionized water several
times to remove any possible ionic residues, followed by washing in ethanol and
then drying at 60°C in air overnight. After drying, the products were yellow pow-
ders. The reference shape used in this study was CeO; octahedra (99.9% pure),
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which was obtained from Sigma-Aldrich, with an average particle size < 25nm.
The samples were calcined at 500°C (heating rate 5K/min) for 4h in synthetic air
(flow rate = 50mL/min) and subsequently cooled down to room temperature in

air before use in this study.

3.2.2 TEM, BET and XRD characterization

Transmission electronic microscopy (TEM) images were obtained on a Philips
CM300ST-FEG electron microscope operated at an acceleration voltage of 300k V.
Samples for TEM measurements were ultrasonically dispersed in ethanol and sub-
sequently droplets of the suspension were deposited on a copper grid coated with
carbon. The high resolution scanning electron microscope (HRSEM) images of
the ceria nanoparticles were recorded on a Carl Zeiss Merlin FE-SEM.

BET surface areas of the samples were determined with nitrogen physisorption
using a Micromeritics Tristar instrument. The samples were out-gassed in vacuum
at 300°C for 24 h prior to analysis.

X-Ray diffraction patterns were recorded with a Bruker D2 Phaser diffractome-
ter using Cu K, radiation, A = 0.1544nm. XRD patterns were measured in reflec-

tion geometry in the 26 range between 0° and 90°.

3.2.3 Raman and FTIR spectroscopy

Raman measurements were conducted with a SENTERRA instrument equipped
with a cooled CCD detector (—60°C). The samples were excited with a 532nm
green laser with 2mW of power. Spectra were recorded at room temperature in air
from 150 to 3500cm ™!, at a resolution of 9cm ™.

Transmission FTIR measurements were recorded by using a Bruker Vector 22
with MCT detector by averaging 128 scans with a spectral resolution of 4cm™!
and time interval of 120s. A self-supporting wafer was pressed of about ~ 10mg
of sample and placed into a purpose built stainless steel cell. Sample pellets were
pre-treated in helium flow (20mL/min) from room temperature to 200°C (heating
rate 5K/min) for 60 min to remove physisorbed water. To avoid moisture in the
gases, helium was dried with a Varian Chromopack CP17971 Gas Clean Moisture
Filter. 33vol% CO (Hoekloos 4.7) in He (Hoekloos 5.0, total flow 20mL/min)

was used for adsorption experiments.
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Figure 3.1: TEM and HRSEM (inset) images of the CeO, octahedra (a), wires (b) and
cubes (c).

For the water reactivity experiments, He was flowed through a saturator filled
with H,O at 5°C, resulting in water with vapor pressure of 6.8 mmHg. The tubing
from the saturator to the cell was heated to 110°C in order to avoid condensation

in the lines.

3.3 Results and discussion

3.3.1 TEM and BET

TEM and HRSEM images of the ceria nanomaterials after calcination are shown
in figure 3.1. In the images the structures of the different shapes are indicated by
the solid lines. The ceria samples have octahedral (figure 3.1a), wire (figure 3.1b)
and cubic (figure 3.1c) morphologies, which we refer to from now on as octahedra,
wires and cubes.

The BET surface areas of wires, octahedra and cubes were respectively 112, 66,
and 31m?/g.

3.3.2 XRD and Raman

XRD analysis was done at ambient conditions to investigate crystallinity, structure
and dominant planes in the ceria nanoshapes. The typical X-ray diffraction pat-
terns for the ceria nanoshapes are shown in figure 3.2. The observed diffraction
peaks can all be indexed as face-centered cubic phase CeO,.[32] The dominant
Bragg diffractions at 28.3, 32.9 and 47.1 (20) correspond to (111), (200) and (220)
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Figure 3.2: XRD spectra of the different ceria nanoshapes, normalized to the (111) peaks.

crystal planes, respectively.[32] The three nanoshapes differ in the details of their
XRD-patterns. For cubes, the narrowest peaks are observed, while wires exhibit a
clear broadening for all reflections. For octahedra, a shoulder can be seen on the
left sides of the reflections, which can be attributed to inhomogeneity in the crystal
structure. Generally, line broadening in XRD is often attributed to a decrease in
particle size in the sample. However, in the present study the different particle
shapes cause line broadening because of their different geometries, in agreement
with the recent work of Wu ef al.[32] In addition to the different peak shapes, a
shift can be observed for the three samples (see inset figure 3.2). This shift can
also be related to the different shapes of the samples, causing specific micro-strain
in the ceria lattice.[33, 34]

In addition to XRD, Raman spectra were also taken at room temperature to in-
vestigate the ceria lattice vibrations of the different shapes (figure 3.3). For eas-
ier comparison, the spectra have been normalized to the main peak at 465cm™!,
The strong peak at 465cm™~! is due to the symmetrical stretching mode of Ce-
Og, characteristic for the fluorite lattice structure, which is in agreement with the
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Figure 3.3: (a) Raman spectra (532nm at 2mW) of ceria cubes (dashed blue), wires (solid
red) and octahedra (dash-dotted black) obtained at room temperature in air, normalized to
the main peak at 465cm™!; (b) magnification of the wave number range 200 — 700cm~!.

XRD-patterns.[35,36] A clear broadening of the band at 465 cm~ ! is observed in
the order octahedra < cubes < wires, which, according to literature, is due to in-
homogeneous strain broadening associated with the different particle dimensions
and phonon confinement.[37] Because of the different geometries of the samples,
the line broadening in Raman spectroscopy cannot be directly related primarily to
particle sizes of the materials.[38]

A magnification of the smaller peaks between 200 and 700cm ™" can be seen in
figure 3.3b. The bands below 200cm ™! can be attributed to particle scattering. Two
additional bands are observed at 259 and 598 cm~!. The peak at 259 cm~! has been
assigned previously to the displacement of oxygen atoms from ideal fluorite lattice
positions.[39] The peak at 598cm ™" indicates the presence of oxygen vacancies
in the ceria lattice.[32,40] The presence of these peaks is a clear indication of
local defects and reduced Ce** cations in the cubes and wires. It is clear that
different ceria shapes, with other surface planes exposed, have different amounts of
defect sites, as has been shown previously.[32,41] For octahedra (black spectrum
in figure 3.3b), no oxygen vacancy or oxygen displacement bands were observed.
The relative intensity of both bands increases in the order octahedra < cubes <
wires, indicating the highest fraction of oxygen vacancies in ceria wires, consistent
with previous studies.[32, 42]

67



CHAPTER 3

25 O-Hregion C-O  region
— —

C-O' region

~.

0-H region

Absorbance ——>
3641

3700
3562
3508

C-Hre

3

gion

2846

T T T T T T T .NV T T T - T
3500 3000 2500 2000 1500 1000 3500 3000 2500 2000 1500 1000
Wavenumber | cm® ——> Wavenumber [ cm* ——>

Figure 3.4: In situ FTIR (a) raw and (b) baseline corrected spectra of ceria cubes (dashed
blue), wires (solid red) and octahedra (dash-dotted black spectrum) at 200°C in He flow
(after 30 min of flow).

3.3.3 FTIR in helium at 200°C

The ceria nanoshapes were characterized with FTIR in helium at 200°C to remove
physisorbed water. The transmission FTIR spectra for the different nanoshapes
taken with an empty cell as a background are shown in figure 3.4a. The baseline
levels of the spectra are not correlated with the amount of sample used to press
the pellets. For example, the baseline of 15.5mg of ceria wires is almost twice in
intensity compared to a similar amount of cubes (14.6 mg). In general, the baseline
in spectra of solid materials is determined by the light scattering capacity of the
solid particles. Thus, in the present case, it can be concluded that the infrared
light scattering is largely affected by the particular shape of the ceria particles.
Shape specific scattering of infrared light is also known to occur for ice-crystals
with different morphologies.[43] In a separate experiment (not shown), we found
no linear correlation of peak intensities with sample weight. Thus, the absolute
peak intensities cannot be normalized to the amount of sample. Nevertheless, peak

ratios found in the respective spectra can be compared to each other.

The baseline corrected spectra for the three samples are given in figure 3.4b.
Comparison of the peak positions in the spectra before and after baseline correction
showed that the peak maxima shifted to lower frequency with maximal 2cm™!,
which is within the resolution of the spectra. Three distinct sets of peaks can be

observed: O-H stretching vibrations between 3800 and 3100cm ™!, C-H stretching

68



3.3. RESULTS AND DISCUSSION

between 3000 and 2700cm ™!, C—O;

(x=2.3) stretching and deformation between
1700 and 800cm ™!,

In the O-H stretch range the following bands can be distinguished for the ce-
ria nanoshapes: Isolated hydroxyls (3700cm™"), bridging hydroxyls (3641 cm™!),
multiple bonded hydroxyls (3550 —3500cm™!) and hydrogen bridging hydroxyls
(broad band 3400 — 3100cm~1).[21, 23] All three nanoshapes show similar O-H
stretching bands albeit with different relative intensities. Wires and octahedra re-
semble each other closely in the whole hydroxyl range, but wires have a distinct
peak at 3508cm ™!, whilst octahedra have a shoulder at 3267cm~'. Cubes have
a higher ratio of bridged (OH3%*!) to isolated (OH3"") hydroxyl intensities, ac-
companied by a shoulder at 3562cm ™. This seems to be consistent with the more

open structure of the (100) plane terminating cubes.

C-H stretching bands are observed at 2932 and 2846cm ™! for all samples and
can be assigned to formate species.[24, 25] The bands have similar low intensities

and peak positions for the three nanoshapes.

In addition, high intensity bands were observed between 1800 and 1250cm ™',
which can be assigned to C-O stretch vibrations in formate and carbonate species.
Clearly these species are stable at 200°C in He. The different types of carbonate
and formate are formed as soon as CeO; is exposed to carbon species, such as
atmospheric CO,.[19, 20, 22-25] Clearly wires and cubes have much higher inte-
grated intensity ratios of carbonates to hydroxyl than octahedra. In addition, the
spectral shapes between 1200 and 1700cm ™! are different for the three samples,
indicating different relative amounts of formate and carbonate species depending
on ceria shape. In general, the peak positions found here are in agreement with
those published previously for ceria particles.[24] However, we do not assign spe-
cific peaks individually to species at this point, because of the large overlap be-
tween them (a more thorough analysis is presented by Vayssilov et al., who give
an extensive theoretical and experimental overview of CO, and CO adsorption on

ceria surfaces[25]).

Finally, additional peaks are observed between 1250 — 850cm ™!, which can be
assigned to the deformation vibrations of formates and carbonates. Specifically,
the band at 854cm™! is observed for wires and cubes, due to the presence of multi-
bonded carbonates.[25] In addition, wires also show a distinct band at 924cm ™!,
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which is absent in the other two samples. According to the literature, this peak
may be assigned to oxalate types of species.[22]

Clearly, the three ceria nanoshapes show different relative amounts of hydroxyls,
carbonates and formates after calcination and treatment in He at 200°C. The differ-
ences might arise from the different crystal planes terminating the particles, and the
differences in BET surface area. Furthermore, the carbonate species are extremely
difficult to remove because high temperatures are needed (> 600°C) at which the
nanoparticles start to lose their specific geometries and crystal planes.[23, 26, 32]
This study shows that synthesized, calcined ceria nanoshapes already differ in their
composition and vibrational spectra before starting adsorption experiments, an ob-

servation that has been mentioned but not studied in the literature.[26]

3.3.4 CO adsorption and reactivity with water
Ceria octahedra

After drying at 200°C in helium (figure 3.5a, dash-dotted black line), CO was
adsorbed on the octahedra (figure 3.5a, solid red line). The black spectrum is iden-
tical to the spectrum for octahedra in figure 3.4b and is used as a reference. Expo-
sure to CO/He resulted in a variety of changes in the spectrum. The CO induced
changes, the [CO-He] difference spectrum is plotted in figure 3.5b . The positive
peaks in the difference spectrum correspond to species formed in the presence of
CO, whereas the negative peaks correspond to species that disappeared as soon
as the sample was exposed to CO. The intensity of peaks known to correspond
to formates and carbonates (1800 — 1250cm™!) increased significantly; carbonate
formation is further suggested by the appearance of a band at 854cm~!. The C-H
stretch at 2848 cm ™! tripled in intensity, confirming formate formation. The band
at 2932cm™! became broader but did not change much in integrated intensity. Fi-
nally, in the O-H stretch range, the peak at 3700cm~! completely disappeared.
Looking at the figure 3.5a inset and figure 3.5b, an increase in intensity was ob-
served between 3641 and 3300cm ™! resulting in a broad band with a maximum
at 3586cm~!. Bands at these frequencies have been attributed to hydrogen car-
bonates (CO,(OH)™).[23] Evidently, the OH species giving rise to the 3641 cm™!
band are not reactive with CO.

The production of carbonates upon CO exposure is in accordance with recently
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Figure 3.5: Baseline corrected in situ FTIR spectra at 200°C of ceria octahedra (a) in He
flow (black dash-dotted spectrum), followed by 33vol% CO/He (red solid line); (b) He-
subtracted CO spectrum (black solid line); (c) in 33 vol% CO/He (red solid line) followed
by He+H,O flow (blue dash-dotted spectrum); (d) He/H,O subtracted CO spectrum (black
solid line); (e) comparison between the regenerated sample with HyO/He (blue solid line)
and fresh sample in He flow (black dash-dotted line) and (f) corresponding subtraction of
He/H,O spectrum with He spectrum (black solid line).
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published experiments at room temperature.[26] However, the frequencies reported
for these species are at significantly higher wavenumber (between 1616 and
1700cm™~") than the ones we observe in the current study. The formation of
formates from the interaction of CO with hydroxyls is in agreement with previ-
ous studies on ceria particles.[20, 25,26, 44] Formate band positions are similar
to those reported in the literature, although bands vary in position by 30cm™!,
suggesting that the samples are similar but not identical.[26] Furthermore, the dis-
appearance of the 3700cm ™! band has been assigned to reduction of the Ce** to

Ce3* upon removing this specific OH species.[23, 25]

After exposure to CO, the cell was flushed with helium to check the stability
of the adsorbed species. Approximately 10% of the formed surface species disap-
peared upon helium flow (see Appendix). Subsequently, the sample was exposed
to HyO/He at 200°C, followed by helium to remove physisorbed water. The re-
sulting spectrum is given in figure 3.5¢ (dash-dotted blue line). In figure 3.5d the
accompanying [H,O-CO] difference spectrum is shown. Upon water addition, gas
phase CO (2143cm™!) and most of the species formed during CO treatment dis-
appeared, as can clearly be seen between 1800 and 1200cm~!. The polycarbonate
band at 854cm ™! disappeared, suggesting complete removal of carbonates from
the ceria octahedra. The small band at 2932cm ™! increased, whereas the formate
C-H stretch at 2848 cm ™! slightly decreased, because of water. The integrated in-
tensities of the two bands hardly changed. This indicates that the bands are not
likely to originate from a combination of carbonate and formate vibrations as has
been suggested in the literature,[23, 25, 45] because almost all carbonates were re-
moved by water. Consequently, we conclude that these bands belong to the stable
formate species on the surface, in good agreement with the literature.[44] In addi-
tion, the O-H stretch band at 3700cm ! starts to re-appear upon exposure of water,
whereas the band at 3586cm ™! decreases, indicating re-oxidation of the ceria by
water.[23]

Finally, the comparison of the spectra of the fresh sample (dash-dotted black
line) and the sample after water treatment (solid blue line) can be seen in fig-
ure 3.5¢ and f. The spectra look similar, but the difference spectrum in figure 3.5f
does show subtle changes. The band at 3700cm ! did not fully recover to its origi-
nal intensity (only 60%) and a slightly increased intensity remained in the hydroxyl

72



3.3. RESULTS AND DISCUSSION

range below 3641cm™!. In addition, formate species (= 40%) have formed that
are stable in H,O at 200°C as reflected by the peak at the C-H stretch wave num-
bers (2932 and 2848cm™!) and the peaks at 1546 and 1360cm~". It is likely that

the loss of about 40% isolated hydroxyl species’’%

is a result of their strong inter-
action with CO to form stable formates at the given temperature. Furthermore, the
bands at 1518 — 1400cm ! decreased compared to the fresh sample. No change
is observed in the band at 854cm ™!, this suggests the presence of multiple types
of carbonate species on the ceria surface. These species have different behavior

towards water at 200°C.

Ceria wires

The spectra for ceria wires after CO adsorption and as a result of rehydration with
H,0O at 200°C can be seen in figure 3.6. In the difference spectrum (figure 3.6b),
the induced changes on adsorption of CO can be seen more specifically. Unlike for
the octahedra, two negative OH peaks can be observed for ceria wires at 3700 and
3641cm~!in figure 3.6a inset, which are caused by the interaction of CO with the
active OH species. Owing to this interaction, three more distinct OH bands are now
visible that indicate the presence of other types of OH groups after CO adsorption.
Furthermore, no hydrogen carbonates (3583 cm™!) were found for ceria wires.

As a result of the interaction between CO and ceria hydroxyls, formates and
carbonates were formed on ceria wires, as can be concluded from the C-H stretch
bands (2932 and 2846cm™!) and the C-O stretch bands from formates and car-
bonates between 1700 and 1200cm™!. Upon exposure to H,O, these adsorbates
decompose and OH groups are partially restored on the catalyst (figure 3.6¢ and
d). Furthermore, the band at 857cm~! decreased in intensity on switching from
CO to H, O, indicating the decomposition of carbonates on the surface.

Finally, the comparison is shown of the spectra after regeneration with H,O
(solid blue line) and the fresh sample in He (dash-dotted black line) is shown in
figure 3.6e and f. The spectra look similar, but in the difference spectrum of fig-
ure 3.6f, subtle changes can be seen. The OH bands at 3700cm~! (60%) and
3641 cm™! (80%) partially recovered to their original intensity. In agreement with
this, after CO and H,O treatment, stable formate species at 1546 and 1360 cm~!
are formed, that were not present initially on the ceria wires. The loss of OH
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Figure 3.6: Baseline corrected in situ FTIR spectra at 200°C of ceria wire (a) in He
flow (black dash-dotted spectrum), followed by 33vol% CO/He (red solid line); (b) He-
subtracted CO spectrum (black solid line); (c) in 33 vol% CO/He (red solid line) followed
by He+H;O flow (blue dash-dotted spectrum); (d) He/H,O subtracted CO spectrum (black
solid line); (e) comparison between the regenerated sample with HyO/He (blue solid line)
and fresh sample in He flow (black dash-dotted line) and (f) He/H,O subtracted He spec-

trum (black solid line).
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groups may again, be related to the increase in formates. Furthermore, the band
intensities of the carbonate species at 1518 — 1400cm ™! and 857cm ™! decreased
compared to the fresh sample, indicating that carbonates can be partially decom-

posed on ceria wires by means of a water treatment at 200°C.

Ceria cubes

The FTIR spectra obtained for the fresh ceria cubes (black dash-dotted spectrum)
and after CO adsorption (red-solid line) are shown in figure 3.7a, and the corre-
sponding difference spectrum in figure 3.7b. A sharp decrease of OH intensity is
observed, especially for the band at 3641cm™'. Similar to the wire sample, the
three specific hydroxyl peaks decrease in intensity and split into five distinct O-H
vibrations after CO exposure ( figure 3.7a inset). At the same time, carbonates and
formates are formed, similar to the wires and octahedra but with different relative
intensities, as will be discussed in the next section. The multi-coordinated car-
bonate peak appears in cubes at 867 cm~! which is approximately 10cm™! higher
than for wires and octahedra. The band at 854cm™! slightly decreased, suggesting
the formation of a slightly altered multi-coordinated carbonate species, possibly
caused by mutual interaction of these species.

On subsequent treatment with H,O, the peaks related to adsorbed formates and
carbonates largely decreased (1700 — 1200cm ™), see figure 3.7c and d, indicating
their decomposition, and reproducing most of the active OH groups. The inte-
grated intensity for the peaks at 2932 and 2842cm ™! remained constant, whereas
a clear decrease is observed for the 867cm ™! peak.

The differences in the FTIR spectra of the fresh ceria cubes (black dash-dotted
line) and the regenerated cubes (blue solid line) can be seen in figure 3.7e and
f. The band at 3700cm ™! re-appeared partially (50%), whereas the OH band at
3641 cm™! gained in intensity compared to the fresh cubes. The multi-coordinated
carbonate band at 854cm ™!, as well as the bands between 1500 and 1300cm ™!, de-
creased after CO and water treatment, indicating the partial removal of carbonates
that were initially present at 200°C. A formate peak at 1546cm ™! increased, which
was accompanied by the increased intensity of the bands at 2932 and 2842cm™!.
This suggests the formation of stable formate species under these conditions. Thus

the partial loss of OH?>’% can be connected to the formation of formates !4,
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Figure 3.7: Baseline corrected in situ FTIR spectra at 200°C of ceria cube (a) in He
flow (black dash-dotted spectrum), followed by 33 vol% CO/He (red solid line); (b) He-
subtracted CO spectrum (black solid line); (c) in 33 vol% CO/He (red solid line) followed
by He+H;O flow (blue dash-dotted spectrum); (d) He/H,O subtracted CO spectrum (black
solid line); (e) comparison between the regenerated sample with H,O/He (blue solid line)
and fresh sample in He flow (black dash-dotted line) and (f) He/H,O subtracted He spec-
trum (black solid line).
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3.4 General discussion

XRD (figure 3.2) and Raman spectroscopy (figure 3.3) confirm the general obser-
vation that ceria nanoshapes exhibit a distorted fluorite structure, with increasing
number of oxygen vacancies from octahedra to cubes to wires, in agreement with
findings reported in literature.[32] The presence of vacancies in wires and cubes is
supported by the FTIR spectra in helium (figure 3.4) showing that the integrated
intensity ratio of carbonates to OH groups in wires and cubes is significantly higher
than that of octahedra. The formation of carbonates on ceria is due to the interac-
tion with CO, from ambient, resulting in the reduction of ceria to Ce** and hence
the creation of oxygen vacancies.[46—48]

Notably, although the nanoshapes have initially similar, but not identical, OH
vibrations (figure 3.4), their reactivity towards CO at 200°C is remarkably differ-
ent. A comparison of the difference spectra [CO-He] after CO adsorption for the
three nanoshapes is shown in figure 3.8a. All samples show a clear decrease in
the band caused by isolated hydroxyls at 3700cm ™!, indicating partial reduction
of ceria to Ce’* by CO,[23] by means of reaction of an isolated OH group. For
ceria octahedra, only a minority of the other OH groups interact with CO, and a
clear band of hydrogen carbonates is observed at 3586cm™". For wires and cubes
it is clear that the band at 3641 cm~! significantly decreased upon CO adsorption
showing a higher reactivity compared to octahedra of the OH species at 3641 cm™!
previously assigned as bridged OH.[21, 23] This reactivity of this species is evi-
dently determined by the specific ceria nanoshape. Furthermore, both wires and
cubes do not show the formation of hydrogen carbonates, in contrast to octahedra
(3586cm™"). Finally, the OH band at 3562cm ™! interacted with CO on cubes only
and was not observed on octahedra and wires.

The difference spectra [CO-He] for the three nanoshapes in the 1800 —800cm ™!
range is shown in figure 3.8b. It is immediately apparent that, relative to the initial
amount of OH present (figure 3.4), different amounts of formates and carbonates
are formed, in the order cubes < wires < octahedra. On octahedra an intense broad
band is observed at 1518cm ™!, which is related to hydrogen carbonate formation

in agreement with the band at 3586cm™!.

For cubes and wires many different
bands and shoulders are observed between 1576 and 1337cm™!, with different

relative intensities.
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Figure 3.8: The He subtracted CO spectra at 200°C of ceria nanoshapes for (a) the hy-
droxyl region (3800 — 3000cm 1), (b) the C-O~ region (1800 — 800 cm™ ).

General consensus is that different nanoshapes have different exposed crystal
planes on their surfaces, although the exact planes exposed on these shapes are still
debated.[13, 16,49-52] T It has been proposed that wires have {110} and {100}
crystal planes, whereas octahedra have mainly {111} and cubes {100} termina-
tion on their surfaces. These crystal planes differ in cerium to oxygen ratio, for
instance the (111) plane has a Ce:O ratio of 7:3, as compared to 6:3 and 6:2 for the
(110) and (100) planes, respectively.[53] However, it is not only the specific crys-
tal plane that will determine reactivity. It even has been reported that undoped thin
single crystal ceria films are inactive towards CO oxidation at low temperatures
and show poor reducibility.[6, 54] Furthermore, the presence of defects in ceria
nanoshapes has been shown to improve oxygen migration from the bulk to the
surface of ceria,[32, 55, 56] thus affecting the reducibility. The surface hydroxyl
groups observed on ceria in this study show similar vibrational stretch frequen-
cies, especially for the band at 3641cm™~!. Based on the same stretch frequency
one would expect a similar reactivity towards CO, independent of the nanoshape,
but this is not observed. Clearly, there must be another explanation for the dis-

tinctly different behavior of OH3%4!

on octahedra compared to wires and cubes.
The main difference between ceria octahedra on the one hand and cubes and wires

on the other, is the absence of defects in octahedra. We propose that the hydroxyl

TNote that the present work was carried out before Ch. 2, where we showed that the consensus
in the literature of the exposed planes on rods was incorrect. This does not affect the findings in the
present chapter.
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reactivity on ceria nanoshapes is determined by the presence of these vacancies
via a consorted reaction mechanism which involves the hydroxyl group and a va-
cancy. Thus it is not only the surface orientation that determines the reactivity of
ceria nanoshapes but also the existence of defects and enhanced oxygen transport

from the bulk play a significant role in the overall behavior of ceria nanoparticles.

A recent study reported the formation energy of carbonates from CO on differ-
ent surface planes of ceria, following the order (100) (—74kcal.mol™1) > (110)
(—45kcal.mol™1) > (111) (—6kcal.mol~").[42] Consequently, carbonate forma-
tion is not favored on the (111) planes of the octahedra,[25, 26, 41,42, 57] explain-

ing why only a small amount of carbonates are found on octahedra (figure 3.4).

The energy for carbonate formation on specific crystal planes is related to the
atomic arrangement of the exposed crystal planes and the reducibility of the ce-
ria nanoshape.[42] Because two oxygen atoms are required from the surface, the
distance between oxygen atoms, and their mobility are key parameters. On (110)
and (100) oxygen displacement and accompanying reduction of ceria as a result
of carbonate formation is favorable, which is in agreement with the observations
in figure 3.8b. The hydrogen carbonate formation on octahedra indicates that OH
groups with a relatively high reactivity are involved on (111) planes instead of, or

in addition to, lattice oxygen.

Finally, formate and bi-carbonate species formed on the three nanoshapes also
exhibit different reactivities towards water. The bands at 3586 and 1518cm™! on
octahedra, assigned to hydrogen carbonate, disappeared upon exposure to H,O at
200°C. For ceria cubes, almost all hydroxyl species recovered, whereas for wires
and octahedra the recovery is incomplete (figure 3.5f, 3.6f and 3.7f). The missing
hydroxyls are converted into formate species that are stable at 200°C in the pres-
ence of water. Cubes show almost complete regeneration of the OH groups, and
only a minor amount of remaining of formate species (figure 3.7f). For wires and
cubes, a portion of the carbonates originating from exposure of the sample as pre-
pared to ambient conditions were removed upon water treatment, as evidenced by
the strong negative peak at 1474cm ™! in figure 3.6f and 3.7f. Exposure of reduced
ceria surfaces to water is known to restore hydroxyl groups on the surface.[23]
In the present study it is clearly shown that the ceria nanoshapes have a different

reactivity towards water, resulting in removal of different relative amounts of ad-
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sorbates formed on the surface from either ambient or CO. The observed reactivity
for water follows a similar order as reported for CO oxidation of these materi-
als.[16,26,58] In those studies, the higher oxidation rates were attributed to the
increased oxygen storage capacity of ceria nanoshapes as a result of altered lattice
oxygen mobility and reactivity.

The reducibility and oxygen mobility might as well affect the reactivity towards
water of the ceria nanoshapes. The presented results show that the ceria nano-
shapes have a distinct influence on the activation of water and the reaction of ad-
sorbed carbonates and formates with water. This study suggests a large impact
of ceria particle shape on reactions involving water, such as the water gas shift

reaction.

3.5 Conclusions

The present work reports on the investigation of the reactivity of hydroxyl species
towards CO for different ceria nanoshapes. The interaction of specific hydroxyl
groups with CO is dependent on both the shape of the ceria nanocatalysts and
oxygen vacancies. Subsequent exposure to water at 200°C showed a clear shape

dependent water activation and reaction with adsorbed formates and carbonates.
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After exposure to CO, the cell was flushed with helium to check the stability of the
adsorbed species (carbonates and formates), see figure A3.1. Approximately 10%

of the formed surface species disappeared upon helium flow.
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Figure A3.1: Baseline corrected in situ FTIR spectra at 200°C of ceria (a) octahedra in
33vol% CO/He (red solid line) followed by He flow (black dash-dotted spectrum); (b)
octahedra He-subtracted CO spectrum (black solid line); (c) wire in 33 vol% CO/He (red
solid line) followed by He flow (black dash-dotted spectrum); (d) wire He-subtracted CO
spectrum (black solid line); (e) cube in 33vol% CO/He (red solid line) followed by He
flow (black dash-dotted spectrum) and (f) cube He-subtracted CO spectrum (black solid
line).
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Defect chemistry of ceria nanorods

Research question:
What are the roles of defects in ceria-catalyzed reactions?
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It became clear in the previous chapter that defect chemistry plays an important
role in determining the activity of ceria supports, so we investigate that here with
rods as the nanoshape.

*Published as: S. Agarwal, X. Zhu, E. J. M. Hensen, L. Lefferts, & B.L. Mojet, “Defect chemistry
of ceria nanorods,” J. Phys. Chem C 118, 4131-4142 (2014)
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Abstract

Ceria rods were investigated using in situ Raman and FTIR spectroscopies for
CO adsorption and subsequent reaction with water at 200°C and 350°C. The
involvement of defects in ceria rods during CO adsorption and reaction with HyO
is dependent on the temperature. At 200°C, most of the carbonate and formate
species formed in CO do not involve the formation of defects, while at 350°C
all of the carbonates and formates formed can be correlated to the formation of
defects (15 % by formates and 85 % by mono/bi-dentate carbonates). Finally, at
350°C very stable poly-dentate carbonates are formed that do not induce defects

and cannot be regenerated with water.

4.1 Introduction

Cerium oxide (CeO») is widely investigated as a catalyst or catalyst support for
various applications in the field of environmental catalysis,[1] in three-way cata-
lysts[2] and as a catalyst support in heterogeneous catalysis.[3-9] The high perfor-
mance of ceria is generally attributed to the unique redox nature and high oxygen
storage capacity (OSC), allowing it to quickly switch oxidation state between Ce**
and Ce3* in the stable fluorite structure.[10, 11]

Due to the recent advancement in synthesis approaches, ceria can now be syn-
thesized into desirable nanoshapes with well-defined active exposed planes that
further enhance the catalytic activity.[12, 13] CeO, rods are an example of such
tailored morphologies. In our recent work, we have reported that our ceria rods
expose (111) stable planes in place of the previously believed (110) and (100)
planes.[14] As ceria rods provide a high surface area and have inherent defects
(vacancy clusters, pits and a high degree of surface roughness),[6, 15] they are
reported to have enhanced reactivity for the CO[10] and NO[16] oxidation and re-
duction reactions, respectively. One of the first detailed investigations of defects
using UV (325nm) Raman spectroscopy on these ceria nanoshapes, was reported
by Wu et al.[17] The authors showed that rods contain more intrinsic defect sites in
comparison to other ceria nanoshapes (cubes and octahedra). Recently, Lee et al.
reported about CO oxidation on ceria rods (with/without Au loading) by monitor-
ing the oxygen vacancy levels using visible (514nm) Raman spectroscopy.[18]

86



4.2. EXPERIMENTAL SECTION

UV Raman spectroscopy is a potentially powerful tool to detect structural fea-
tures, such as defect sites, oxygen vacancies and atomic scale structure disorder of
ceria nanomaterials.[19] In comparison to visible laser, using UV laser enhances
the detection sensitivity in the surface region of these materials due to the limited
probing depth of 10 —20nm.[20]

Despite the intensive studies of CO adsorption and H,O reactivity on ceria sup-
ports, there is still a lack of understanding of the role of defects and active OH
species on ceria catalysts.[11, 17,21-23] In our recent work, we investigated the
reactivity of OH species towards CO for different ceria nanoshapes at 200°C.[24]
We reported that the interaction of OH groups with CO depends on the shape of
ceria nanoparticles, and we showed preliminary data describing the importance
of intrinsic defects in the ceria structure. Furthermore, theoretical investigations
have clearly indicated the formation of carbonate species induces the defects in
ceria lattice upon the introduction of CO.[25,26] In the present work, we follow
up by addressing the role of defects in ceria in detail using in situ UV Raman
spectroscopy and the results will be related to Fourier transform infrared (FTIR)
measurements recorded under similar conditions. This combination of techniques
has proven successful in monitoring the structural defects and adsorbates on cat-
alysts.[8,27,28] We will assume that the concentration of defects at the surface
is correlated with the bulk defect concentration which can be probed by Raman
spectroscopy. We focus in this work on ceria rods due to their high intrinsic defect

density as outlined above.

4.2 Experimental section

4.2.1 Sample preparation, TEM and BET characterization

Ceria rods were synthesized using the recipe reported by Mai et al.[13] For syn-
thesis procedure details refer to the literature.[14] After drying, the sample was
always calcined in air at 500 °C and subsequently analyzed using Raman and FTIR
spectroscopies.

The X-ray diffraction (XRD) pattern of rods (not shown here) was similar to
those reported in our previous work.[14] As reported earlier, the observed XRD
diffraction peaks can be indexed as face centered cubic phase CeO,.
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A Micromeritics Tristar instrument was used for determining the BET surface
area. The sample was out-gassed in vacuum at 300°C for 24h prior to N, ph-
ysisorption. The BET surface area of the rods after calcination was 80m? /g, which

is consistent with the values reported earlier.[17]

The transmission electron microscope (TEM) image of the ceria rods was
recorded on a Philips CM300ST-FEG electron microscope (operated at an acceler-
ation voltage of 300kV). For TEM measurements, the sample was ultrasonically
dispersed in ethanol and subsequently droplets of the suspension were deposited
on a copper grid coated with carbon. The TEM image of ceria rods is shown in the
Appendix (figure A4.1). The low magnification TEM image of ceria rods demon-
strates that the particles have the desired morphologies with a length of approx.
50 —200nm.

4.2.2 UV Raman spectroscopy

UV Raman spectra (wavenumber region from 190 — 1480cm™") were collected
using a Jobin-Yvon T64000 triple-stage spectrograph with a CCD detector and a
spectral resolution of 2cm™!. The laser spot size on the sample is less than 0.5 mm.
The laser power at the sample was 6mW for the 325nm laser line of a Kinmon
He-Cd laser. It was verified by recording spectra at different laser intensities that
at these settings the laser did not induce any damage to the sample. The spectrum
was recorded by two times 600s subsequent laser exposure (2 co-additions), hence
recording per spectrum took 1200s. Teflon was used as a standard for the calibra-
tion of the Raman shift. Typically, approximately 10 mg of sample was loaded and
slightly compressed to get a dense catalyst bed in a purpose-built stainless steel
cell fitted with a thermocouple placed close to the sample. The cell was covered
with a quartz assembly. The gas flows used in the in situ Raman experiments were
preheated at 100°C and then flowed through the sample. For CO adsorption ex-
periments, 33 vol% CO (Linde) in He (Linde, total flow 20 mL/min) was used. For
the H,O reactivity measurements, He (20 mL/min) was flowed through a saturator
filled with H,O at 5°C, resulting in a water vapor pressure of 9 mbar.

88



4.2. EXPERIMENTAL SECTION

o
° 200°C
=
© He (1) CO (2) He (3) H,O (4) He (5)
a He
£ | RT
e >
Time (mins)

Figure 4.1: Experimental scheme for Raman and FTIR experiments at 200°C and 350°C.

4.2.3 FTIR spectroscopy

Transmission FTIR (Fourier transform infrared) measurements were recorded with
a Bruker Vector 22 with MCT detector by averaging 128 scans with a spectral res-
olution of 4cm™~! and time interval of 120s. The spectrum was collected in the
wavenumber region 800 —4000cm™~!. A self-supporting wafer (=~ 10mg sample)
was pressed and placed into a custom-built stainless steel cell walled by the ther-
mocouple. For adsorption experiments, 33vol% CO in He (Hoekloos 4.7, total
flow 20mL/min) was used. For the water reactivity measurements, He (Hoekloos
5.0, total flow 20mL/min) was flowed through a saturator filled with H,O at 5°C
(H2O vapor pressure of 9mbar). All the tubings prior to the FTIR cell were heated
to 100°C, to avoid condensation of H>O in the lines. To remove traces of water
in He gas during FTIR experiments, helium was dried with a Varian Chromopack
CP17971 gas clean moisture filter. The background spectrum was obtained while
flowing He gas through the empty cell at room temperature.

4.2.4 Experimental sequence

Raman and FTIR spectra were recorded after flowing gases in the sequence as
shown in the experimental scheme in figure 4.1. The sample was exposed to each
gas for 30min respectively. The sample was heated to the required temperature
(350°C/200°C) with a ramp rate of 5K /min. The total gas flow was maintained at
20mL/min. We labeled each separate gas flow stage of the experimental sequence
with its sequential number as indicated in figure 4.1, which we use in the results

and discussion sections for clarity.
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4.2.5 Data analysis

Raman and FTIR data were analyzed using Bruker OPUS (version 7.0) software.
All Raman spectra shown in the present paper were baseline corrected (concave
rubberband correction, two iterations) and smoothened (using the OPUS Savitzky-
Golay algorithm, 21 points) to better identify the observed changes. To verify
that changes observed after smoothening are real, figures A4.2 and A4.3 (see Ap-
pendix) compare the raw and smoothened spectra. Raman spectra in figure 4.2
were normalized with respect to the F2g band at 460cm~!. This is in accordance
with common practice, although Daniel et al. have also employed the 2LO band
(at 1179cm™") for normalization.[29] The FTIR spectra presented in this work
were baseline corrected (concave rubberband correction, two iterations). To high-
light the relative differences in the Raman and FTIR spectra as a function of gas
treatment, the difference spectra in figures 4.7 and 4.8 are expressed as the relative

difference, defined as:
Al

A(Ico —Tne)

where Al is defined as the difference between two consecutive treatments in the

y= 4.1)

scheme shown in figure 4.1. A (Ico — Iy, ) is the maximum peak intensity increase
after dosing CO, at approximately 550cm ™' for Raman and 1576cm™! for FTIR
spectra, representing the total amount of species formed upon CO exposure. In
addition, the relative amounts of species are calculated by integrating the specific
peaks observed in normalized Raman and FTIR plots (see figure 4.7 and 4.8). By
expressing both the Raman and FTIR changes in relative differences, the observed

changes by the two techniques can be easily compared.

4.3 Results and discussion

4.3.1 In situ Raman and FTIR in helium at room temperature (RT)

In situ Raman and FTIR spectra of the fresh ceria rod samples in He flow at room
temperature are shown in figure 4.2a and 4.2b respectively. The Raman spectra
were normalized to 460cm™! peak. The Raman spectrum of the calcined ceria
rods (figure 4.2a) consisted of sharp peaks at 460 and 589cm~!, shoulder peaks at
404 and 487cm~! and a broad intense band at 1179cm~". The peak at 460cm ™!
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Figure 4.2: In situ (a) normalized Raman and (b) FTIR spectra of ceria rods in He flow at
room temperature (black spectrum). In situ (¢) Raman and (d) FTIR spectra of ceria rod
in He flow at 200°C (red spectrum) and 350°C (blue spectrum).

(labelled as I2,) is due to the symmetric stretch mode of Ce-Og, which is charac-
teristic for the fluorite lattice structure.[30,31] In addition, the peak at 589cm™!
(Ip) has been assigned to the defect-induced mode arising due to the presence of
anion Frenkel pair defects (an oxygen ion is displaced from its lattice position to
an interstitial position, creating a vacancy at its original position and a defect at
the interstitial site) in the ceria lattice.[17,20, 31, 32] Shoulder peaks at 404 and
487cm~! on both sides of the fluorite band have been earlier observed for ce-
ria nanoparticles,[17, 33] although they were not assigned. The band centered at
1179cm~! corresponds to the second-overtone of the longitudinal optical (LO)
band.[20, 31, 34]

In figure 4.2b, the FTIR spectrum of fresh ceria rods was dominated by the
strong bands related to physisorbed water in the spectral region 3800 —2500cm ™!
and at 1635cm~!.[35] Other than these physisorbed water bands, ceria hydroxyl
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(O-H) stretching vibrations at 3693 cm ™! and formate and carbonate (C-O) stretch-
ing and deformation bands between 1700 and 800cm~! were observed.[36-38]
These carbonate/formate species formed due to the interaction of lattice oxygen/

hydroxyl species with atmospheric CO, on the fresh ceria sample when exposed
to air.[39, 40]

4.3.2 In situ Raman and FTIR in helium at 200°C and 350°C

In situ normalized Raman spectra of calcined ceria rods in He flow at tempera-
tures 200°C and 350°C are shown in figure 4.2c. Similar to the Raman spectrum
at room temperature, the fluorite lattice vibration Irpg (457 cm~!) and I, defect
band (597cm~!) were observed at 200°C and 350°C (figure 4.2¢). Two imme-
diate observations related to the fluorite band can be made: Firstly, the peak at
460cm~! (RT) shifted to 457cm™! (200°C) and then to 450cm ™! (350°C). Sec-
ondly, the relative intensity of the shoulder fluorite peaks at 404 and 487cm™!
increased with temperature, resulting in an overall broad fluorite band centered
450cm~! at 350°C. The relative intensities of the peaks at 597 and 1179cm™!
with respect to the I, vibration decreased with temperature. We further observed
an as yet unreported small overall shift from 589 to 597cm~!.

As reported previously, the broad fluorite band observed in the Raman spectra
(figure 4.2) and the broad XRD peaks (as compared to other ceria nanoshapes) re-
ported earlier[17, 24] are due to the distorted fluorite structure of ceria rods. This
lattice distortion occurs due to the presence of intrinsic roughness (internal voids
and surface steps) in rods.[6, 15] We propose that the distortion in lattice gives rise
to bands at 404 and 487cm~! in ceria rods. At higher temperature, oxygen mo-
bility is enhanced leading to reorganization of the ceria lattice.[41] This explains
the decrease in Ip intensity with an increase in Ce-O vibration intensity (Ir»¢) with
the increase in intensities of the side peaks at 404 and 487cm~!, as observed in
figure 4.2c. Any further shift or broadening of Ir.,[18,42] or possible shift of
the Ip peak, can be attributed to thermal restructuring, i.e., the recombination of
defects with vacant lattice sites.

In situ transmission FTIR spectra of ceria rods obtained in helium flow at 200°C
and 350°C are shown in figure 4.2d. As is clearly evident, the strong bands
corresponding to physisorbed water that were present at RT (figure 4.2b) disap-
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Figure 4.3: Schematic of the types of carbonate and formate species.

peared, leaving behind distinct peaks in the O-H stretching range between 3800 —
3000cm™!.

At 200°C there are three clear regions, corresponding to hydroxyl, formate and
carbonate species. The hydroxyl stretch regions for rods showed three strong bands
at 3700, 3648 and approximately 3500cm ™!, corresponding to single-coordinated
hydroxyl species, bridging hydroxyls and hydrogen bonded OH species, respec-
tively.[5, 36, 39,43] The peaks observed at 2932, 2840 and 2723 cm~! are as-
signed to C-H stretching vibrations of formate species.[43—45] Finally, between
1800 — 800cm™!, intense bands were observed related to C-O stretching and bend-
ing vibrations of carbonates (visible at 1356 and 854 cm™!) and formates (evident
from peak at 1540cm ™!, see figure A4.10 in the Appendix).[24, 46] Based on liter-
ature, several carbonate species can be distinguished in the 1800 — 800cm ™! range,
see figure 4.3 and table 1 for structures and the peak assignments.

As can be seen in figure 4.2d, formate (1540 and 1298 cm~!) and mono/bi-
dentate carbonates (1044/1474cm™!) species were no longer visible as they are
unstable at 350°C.[45] As a result, two distinct regions related to hydroxyl and
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carbonate bands were observed. In comparison to 200°C, at 350°C total hy-
droxyl peak intensities in the region 3800 —3000cm ™! were lower. In addition,
the 3700cm ™! band disappeared and the 3648cm™! peak decreased in intensity
relative to that at 3500cm~!. The carbonate peaks observed in the region 1600 —
800cm ™! (see table 4.1 for peak assignments) correspond to poly-dentate species
(see figure 4.3).[40]

Table 4.1: FTIR peak assignment of carbonate and formate species observed on fresh ceria
rods at 200 and 300°C. Key: F (formates), P (poly-dentate carbonates), M (mono-dentate
carbonates), B (bi-dentate carbonates) and Br (bridged carbonates).

’ Peaks (cm ™) ‘ Types of species ‘ Temperature (°C) ‘ Reference
2932 F & 2" overtone of P 200 [43-46]
2922 2" overtone of P 350 [43]
2840 F & 2" overtone of P 200 [43-46]
2850 2" overtone of P 350 [43]
2723 F 200 [43-45]
1540 F 200 [43-46]
1494 M 200 [37,40,46,47]
1474 B 200 [37,48]
1462 P 200, 350 [37,40,43]
1391 Br 200 [37,43]
1370 P 200, 350 [37,40,43,46]
1356 M 200 [37,40,43,46,47]
1298 F 200 [37,43-46]
1145 Br 200 [37,43]
1062 P 200, 350 [40,43,46]
1044 M 200 [37,46,47]
254 M,B &P 200 [37,40,43,46]

P 350 [40,43,46]

At 350°C, fewer carbonate species were observed with FTIR spectroscopy com-
pared to 200°C, accompanied by the decrease in peak ratio Ip/If2 in Raman spec-
tra. It is reported in the literature that exposure of ceria to CO/CO; results in the
formation of carbonates by interaction with lattice oxygen, which creates defects in
the ceria lattice.[25,49-51] The presence of fewer carbonate species (observed via
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FTIR spectroscopy) hence also explains the existence of fewer defects (Ip/Irag,
Raman) at 350°C. More details on the relation between defects and carbonate

species are discussed below.

4.3.3 In situ Raman at 200°C: CO adsorption and H,O reactivity

To investigate the defect chemistry of ceria rods at 200 °C the sample was exposed
to the series of gas flows as outlined in figure 4.1, resulting in the spectra shown
in figure 4.4. Running from top to bottom of figure 4.4, each plot on the left-hand
side contains two spectra corresponding to ‘before’ and ‘after’ exposure to the re-
spective gas flow. The graphs plotted in the right-hand column are the difference
spectra of the spectra in the left column. The difference spectra were obtained by
subtracting the spectrum obtained before exposure from the spectrum after expo-
sure.

In figure 4.4a, the spectrum obtained in CO(2) flow at 200°C is shown to-
gether with the spectrum in He flow (He(1)). To focus on the Raman intensities
of fluorite and defects bands under exposure to CO and H,O, the spectral region
200 — 680cm ™! is shown. In CO, the broad fluorite band centered at 457 cm ™!
decreased in intensity as is evident from the negative peaks at 413 and 464cm~! in
the difference spectrum (figure 4.4b). The overall I band (520 — 590cm ") broad-
ened to lower wavenumber due to a new band arising at 550cm™!, clear from the
difference spectrum (2-1) in figure 4.4b. The maximum intensity of the defect
peak at 593cm™~! remained unchanged. This observation indicates the formation
of defects in the ceria lattice upon introduction of CO, which is in agreement with
literature.[8, 18, 25] The inverse relation between the I, lattice vibration and the
defect Ip band has been suggested previously in literature.[18]

The spectrum in CO(2), the spectrum obtained in He(3) immediately after CO,
and their difference are shown in figure 4.4c and 4.4d. On flowing He(3), 95 % of
the changes that were observed upon CO introduction disappeared and the spec-
trum regained its original peak positions as for the fresh sample in He(1). This
observation indicates that the CO-induced changes are reversible on the ceria rods
at 200°C.

H,;O/He(4) was flowed after He(3), see figure A4.4 in the Appendix for the
spectrum obtained after HyO/He(4). Subsequently, He(5) was flowed to remove
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Figure 4.4: In situ Raman spectra at 200°C of ceria rods a) in He(1) (black solid spec-
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physisorbed H,O, and the resulting spectrum is shown in figure 4.4e. Only sub-
tle changes in intensities of the fluorite peaks at 457, 404 and the defect band at
593cm~! were observed upon water treatment and subsequent He flow as con-

firmed by the difference spectrum in figure 4.4f.

4.3.4 In situ Raman at 350°C: CO adsorption and H,O reactivity

The Raman spectra for ceria rods at 350°C after CO adsorption and rehydration
with H,O can be seen in figure 4.5 (left hand column). In the difference spectra
shown in figure 4.5 (right hand column), the induced changes on adsorption of CO
and regeneration by H,O can be seen more specifically.

In figure 4.5a, the spectrum obtained in CO(2) flow is plotted with the spectrum
in He(1). In the presence of CO, decrease in intensity of the entire fluorite band
(404, 450 and 487 cm™! peaks combined) was observed. In addition, the defect
peak at 597cm~! remained unchanged. The band between 520 — 590cm ™! sig-
nificantly increased due to the formation of additional new defect peaks at lower
wavenumbers (see figure 4.5b). Due to the noise level of the spectrum and thus the
uncertainty in peak position, individual defect peaks were not specifically assigned
in figure 4.5b. The spectrum obtained on flowing He(3) after CO can be seen in
figure 4.5¢ (green dash-dotted spectrum) together with the CO(2) spectrum. Minor
changes were observed, i.e., a small increase in intensity of the 450cm ™' peak and
a subtle decrease in the defect-related band, as can be better seen in the difference
spectrum in figure 4.5d.

Subsequently, the sample was exposed to H;O/He(4) flow (figure A4.5 in the
Appendix) followed by He(5) to remove physisorbed water (figure 4.5¢). After
exposure to HyO and He(5), the fluorite band centered at 450cm~! showed an
increased intensity accompanied by an overall band broadening. The CO-induced
defect band centered at 550cm~! disappeared (figure 4.5f) and thus the overall
peak area of the defect band between 520 — 590cm™' decreased. As indicated
above, the observations at 350°C suggest that the Ip band is inversely connected
to the Iy band.

It is clear from the Raman spectra that the interaction of CO and subsequent
reaction with H>O on ceria rods is different at 200°C compared to 350°C. The
differences are addressed in detail in general discussion section when compared to
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Figure 4.5: In situ Raman spectra at 350°C of ceria rods a) in He(1) (black solid spec-
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the changes observed in the infrared spectra.

In the past years, several studies have proposed different types of defects in
ceria lattices, which can be classified in four different types based on energy
calculations.[52-54] The four different types are (1) anion Frenkel pairs (an oxy-
gen atom is displaced from its lattice position to interstitial site), (2) oxygen vacan-
cies (an oxygen atom is missing from one of the lattice positions), (3) interstitial
sites (displacement of both a cerium and oxygen ion to interstitial sites) and (4)
Schottky disorders (removal of cations and anions from their lattice sites creat-
ing vacancies whilst maintaining stoichiometry). In all cases, the formation of
these defects introduces vacant sites (V) in the ceria lattice. Anion Frenkel pair
defects (ca. 600cm™!) and oxygen vacancy defects (550 + 10cm™!) were experi-
mentally first assigned on doped ceria[20, 55, 56] and subsequently for uncalcined
ceria nanoparticles.[42] For calcined ceria nanoshapes, Wu et al. suggested the
presence of anion Frenkel pair defects, and showed that oxygen vacancy defects
appear after H treatment at 600°C.[17]

In the present study, CO exposure to ceria rods results in the formation of a
Raman band centered at 550cm™!, which could be assigned to oxygen vacancy
defects based on previous assignments. However, the Ip band is very broad and
has distinct shoulder peaks at 525 and 570cm ™! (figure 4.4). In our opinion, the
observation of these shoulders suggests the existence of different types of defects,
such as interstitial defects and Schottky disorder, in addition to the previously pro-
posed anion Frenkel pair defects and can also be due to the clustering of vacancy
defects to form vacancy dimers and trimers.[57, 58] We believe that the present
work is the first experimental evidence that shows the existence of additional types
of defects. Further investigations are required for specific defect identification and
corresponding peak assignment. In the remainder of this paper we will refer to va-
cancies (V) without differentiating between the different kinds of oxygen disorder

in the ceria lattice.

4.3.5 Insitu FTIR at 200°C: CO adsorption and H,O reactivity

Recently, we reported FTIR studies on ceria wires at 200°C.[24] The spectral pat-
terns when exposed to CO and H,O at 200°C for ceria rods obtained in this study
are similar to those reported for ceria wires. To avoid duplication of results, the
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FTIR plots for the ceria rods are shown in figure A4.6 in the Appendix. Summa-
rizing, the following observations were made: On exposure to CO, the isolated
OH species (at 3700 and 3648cm~! in the Appendix, figure A4.6) decreased in
intensity accompanied by significant formation of formates (3000 — 2800, 1800 —
800cm™!) and carbonates (1800 — 800cm™!). Upon subsequent exposure to He
after CO flow, approximately 10 % of the adsorbed carbonate and formate species
desorbed with subtle regeneration of bridging hydroxyl (OH?¢*3) species. Finally,
by flowing H, O/He for 30 min, major regeneration of hydroxyl species and decom-
position of carbonate and formate species (approx. 90 %) occurred; figure A4.11
in the Appendix presents a set of time-resolved spectra, showing that most of the

changes take place in the first Smin.

4.3.6 In situ FTIR at 350°C: CO adsorption and H,O reactivity

The in situ FTIR spectra at 350°C are shown in figure 4.6. Upon exposure to
CO(2), the OH?%® and OH3*% intensities decreased, whereas the OH3%48 peak
increased and shifted to 3637cm™! (figure 4.6a inset). The latter band has been
previously assigned to O-H stretching in CO,(OH).[43, 59] In addition, the for-
mation of formate C-H stretch bands at 2945 and 2840cm ! was observed, with
a significant increase in peak intensity for C-O vibrations of formates and carbon-
ates in the 1800 — 800cm ™! region (see figure 4.6a). The exact band positions of
the species formed (at 1581, 1417, 1322, 1084, 1053 and 857cm™") can be better
seen in the difference spectrum (figure 4.6b). After CO, the sample was exposed
to He(3) (green spectrum in figure 4.6¢). The key observations were a slight rise in
intensity of hydroxyl species at 3668 cm™!, with an increase and shift of the 3637
peak to higher wavenumber (evident from s-curve3%3
ure 4.6d). Furthermore, the formate peaks at 2945 and 2840cm ! disappeared and

in difference spectrum in fig-

the band in region 1800 — 1100cm~"! became narrower. These induced changes
are clearly visible in figure 4.6d, where negative bands at 1581, 1294, 1084, 1033
and 847 cm~! were observed.[46] The disappearance of C-H and C-O vibrations
of formates in difference spectrum indicates the decomposition of formate species.

On subsequent treatment with H,O/He(4) followed by He(5) (blue spectrum
in figure 4.6e), OH groups at 3668, 3637, and 3480cm~! were restored (fig-
ure 4.6e inset). Furthermore, subtle changes were observed in the carbonate re-

100



4.3. RESULTS AND DISCUSSION

In-situ FTIR 350°C
350°C
He(1) CO(2) He(3) H,04) He (5)
RT He
Spectra Difference Spectrum
5 o (b) . G0 molor
C-O region X = 7
gy ' 2
8 s
© CO -He
?“-’N‘ He (1) 0751 2)-(1
co(2) 8 =§
N éo.so- ht
. 3 on g 3 5
e w [}
. - Al 22
g 0,00
004 |
3600 3300 300 2700 2400 2100 1800 1500 1200 900 350 3000 2500 2000 1500 1000
Wavenumber (cm”) Wavenumber (cm”)
(c) (d) He After CO - CO
C-O region 025 O-H region c{:?)-‘(zi
~— e | C-H region region
g ey - 2
g8 2 g383
T 0004~/ F—ﬁ,\ [w—«
He After CO(3)
8
i L]
5 2
3
L 050
g
075
3600 3%0 3000 2700 2400 2100 1800 1500 1200 900 3%0 3000 250 2000 1500 1000
Wavenumber (cm'') Wavenumber (cm')
(e) (U]
He After H,O - He After CO
159 o, O-H region co 025+ -3
T§, L g T T
SA ggg gv.“i 3 P
04 i 0004/ “0ne
g 3 He After CO (3) ! q
§'° He After H,0 (5)
3 0g 025+
g 3800 3600 3400 3200 3000
g <aso-
g
0.754
3000 3300 3000 2700 2400 2100 1800 1500 1200 00 300 00 250 2000 1500 1000
Wavenumber (cm™) Wavenumber (cm™)

Figure 4.6: In situ FTIR spectra at 350°C of ceria rods a) in He(1) (black spectrum),
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gion (1700 — 800cm ™). In the difference spectrum (figure 4.6f), negative car-
bonate bands at 1552, 1420, 1312, 1048 and 854cm~! were observed, indicat-
ing decomposition of carbonate species. Based on the literature, these carbonate
species were identified as mono/bi-dentate carbonates.[37,39,43] Therefore, the
remaining carbonates in the spectrum (at 1462, 1370, 1062 and 854 cm™ 1) after
treatment with HoO correspond to poly-dentate species (see table 1).[46] These
carbonates are also visible when comparing the spectra obtained at 350°C for the
fresh and regenerated rod sample (figure A4.8). The amount of OH species (region
3800 —3000cm ') recovered after H,O treatment was higher in comparison to the

fresh sample.

4.4 General discussion

4.4.1 Ceria rods defect chemistry at 200°C

To compare the Raman and FTIR results, the relative differences in the Raman
spectra were plotted with respect to the most intense defect peak (=~ 550cm™!)
formed upon introduction of CO (see section 4.2). We have assumed that the
total defect concentration is semiquantitatively correlated with the relative Raman
intensities. Likewise, FTIR difference spectra were normalized with respect to
the most intense peak (formate peak at approximately 1576cm™"'). The relative
changes observed on exposure to each gas type at 200°C in both Raman and FTIR
spectra are shown in figure 4.7a and 4.7b respectively.

The red spectra in figures 4.7a and b show that with the formation of vacancies
(Raman - 550cm™!) significant amounts of formates and carbonates are formed
(FTIR - 1800 — 800cm™"). This observation is schematically represented in fig-
ure 4.7c. Upon flowing He after CO, the majority of defects disappear (figure 4.7a,
green line). At the same time in the FTIR at 200°C (figure 4.7b green line), only
approximately 10 % decomposition of formates and carbonates and 10 % regener-
ation of OH groups are observed. Thus, desorption at this stage indicates that the
defects created are related to about 10% of the carbonates and formates formed
on exposure to CO and that they are reversible in nature (schematically depicted
in figure 4.7c top row). Separation of different types of carbonates species con-
nected with defects is not possible for this experiment because they decompose
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Figure 4.7: Relative changes introduced in different gases with respect to the species
formed in CO for (a) Raman and (b) FTIR data at 200°C. ¢) Schematic reaction mecha-
nism of ceria rods at 200°C (“V” represents oxygen vacancy). For simplicity only surface
defects are indicated. However, oxygen diffusion will occur through the lattice to reach
equilibrium between surface and bulk defects.

simultaneously.

Finally, the FTIR spectra show that major regeneration of OH species and de-
composition of carbonates and formate species occurs in the presence of H,O
(figure 4.7b, blue line), without significant changes in the defects observed with
Raman spectroscopy.

In conclusion, at 200°C, upon the introduction of CO, 90% of the carbonate
and formate species formed do not involve the creation of defects as depicted in
figure 4.7c (middle and bottom row). Most of those species decompose in the

103



CHAPTER 4

presence of H,O while regenerating the OH groups.

4.4.2 Ceria rods defect chemistry at 350°C

The normalized Raman and FTIR plots obtained at 350°C with the mechanism
scheme are shown in figure 4.8. Similar to experiment at 200°C, at 350°C also
formates and carbonates are formed by interaction of CO with OH species, si-
multaneously creating defects in the ceria lattice (figure 4.8c depicts a schematic
representation).

Interestingly, subsequent He flush decomposes only all formates, most clearly
evidenced by the negative peak for the C-H vibrations between 3100 and 2900cm ™.
The complete formate decomposition only removes 15% of the vacancies (fig-
ure 4.8a green line), while recreating hydroxyl groups. Thus, formates are form-
ing at the expense of part of the hydroxyl species, and creating a small amount of
defects within the ceria structure (schematically shown in figure 4.8c top row).

Upon H,O flow, the remaining 85 % of the defects disappeared (blue line, fig-
ure 4.8a), while 35 % of the carbonates decomposed (blue line, figure 4.8b) and
hydroxyl groups were formed. These carbonate bands at 1552/1048cm~! can
be specifically attributed to mono/bi-dentate carbonate species, leaving the poly-
dentate carbonates as residual species on the ceria, as summarized in figure 4.8c.

As the defects produced upon addition of CO disappeared after the series of
treatments, it must be concluded that the poly-dentate carbonate species are not
related to defect creation (labeled as “Vacancy not created” in figure 4.8c).

Figure 4.9 summarizes the temperature effect on the reactivity of ceria with CO
and subsequently H,O. In figure 4.9 the relative amounts of species appearing and
disappearing upon the different treatments are compared for the experiments at
200°C and 350°C. Clearly, after regeneration with H,O, at 350°C stable poly-
dentate carbonate species were observed, while no residual carbonates were ob-
served at 200°C (figure 4.9 (residual species)). At the same time, this study shows
that the formation of vacancies in ceria rods cannot uniquely be assigned to the
formation of a specific species adsorbed on ceria. Further, although the Raman
signatures of the defect band arising after addition of CO are very similar (fig-
ure A4.9 of the Appendix), their chemical origin seems to be different since at
350°C the addition of H,O is needed to remove the vacancies, while at 200°C the
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Figure 4.9: Bar diagram of species formed (positive) and decomposed (negative values)
on introduction different gases in ceria rods at 200°C and 350°C. The numbers represent
the relative change (%) for each individual species.

majority disappeared already in He flow.

This research is an important step forward to understand the behavior of ceria
rods towards the catalytic reactions involving CO and water. Furthermore, our
results give scope for further theoretical and experimental work to understand the

roles of different defects in ceria catalysts.

4.5 Conclusions

This study revealed the complex role of defects in ceria for reactions involving CO
and H,O. For ceria rods, the involvement of defects during CO adsorption and con-
secutive reaction with H,O fundamentally changes with temperature. At 200°C,
most of the carbonate and formate species that form in CO do not induce the for-
mation of any defects in the lattice. However, at 350°C, the formation of formate
and carbonate (mono/bi-dentate) species does lead to defect formation. Further,
very stable poly-dentate carbonates are formed exclusively at 350°C without cre-
ating vacancies and these species are stable in water vapor. These results show that,
depending on temperature, the formation of certain specific formate and carbonate
surface species involves lattice oxygen from CeO, forming defects, whereas other

species do not.
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TEM image of the ceria sample after calcination is shown in figure A4.1. The ceria
sample clearly has rod morphology.

Figure A4.1: TEM image of ceria rods.
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In figure A4.2, in situ Raman raw and smoothened spectra obtained in He stream
at different temperatures are shown. All the Raman spectra shown in the present
paper are smoothened (21 points) to better define any observed changes. As ev-
ident from figure A4.2, the peak position observed in smoothened spectrum at
different temperatures is real and not an artifact of data smoothening.

500
---- He_RT_ Raw 8
1 ——He_RT_Smooth < P
-~~~ He_200°C_Raw [ 3
4004 He 200°C_Smooth ; %
---- He_350°C_Raw
1 ——He_350°C_Smooth
ey
3 300
©
S
2
(2]
=
S 200 -
=
100 4
0

—1 v I %l - b . L LT .0 Ly
250 300 350 400 450 500 550 600 650
Raman Shift (cm™)

Figure A4.2: In situ Raman raw (dash-dotted) vs. smoothened (solid) spectra of ceria
rods in He flow at room temperature (black spectrum), 200°C (red spectrum) and 350°C
(blue spectrum).
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In figure A4.3, in situ Raman raw and smoothened spectra obtained in CO
stream at 200°C and 350°C are shown. The Raman spectra shown in the present
work are smoothened (21 points) to better define any changes introduced on ex-
posure to CO/H;0O. As evident from figure A4.3, the CO-induced changes ob-
served in smoothened spectrum at 200°C and 350°C is real and not due to the data

smoothening artifact.
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Figure A4.3: In situ Raman raw (dash-dotted) vs. smoothened (solid) spectra of ceria
rods in 33 vol.% CO/He at 200°C (red spectrum) and 350°C (blue spectrum).
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In figure A4.4, in situ Raman spectra at 200°C of ceria rods in HoO/He (4)
and He after H,O (5) flow are shown. To remove the physisorbed water, He was
flowed after HyO/He flow. From figure A4.4, it is evident that in He (5) flow, no
major change was observed except a subtle increase in the shoulder peak at 404

and 560cm~!. These changes are probably associated with physisorbed H,O.
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Figure A4.4: In situ Raman spectra at 200°C of ceria rods in HyO/He (4, solid spectrum)
followed by He (5, dash-dotted spectrum) flow.
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In figure A4.5, in situ Raman spectra at 350°C of ceria rod in H,O/He (4) and
He after H,O (5) flow are shown. As shown in the spectrum in figure A4.5 along
with the spectrum obtained in HyO/He flow, no change was observed between He
(5) and the H,O (4) spectrum, apart from subtle changes at 404, 487 and 563cm™".
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Figure A4.5: In situ Raman spectra at 350°C of ceria rods in HyO/He (4, solid spectrum)
followed by He (5, dash-dotted spectrum) flow.
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In figure A4.6, the spectra both with CO and He after CO, as well as He after
H,0 and their respective difference spectra for ceria rods at 200°C are shown.
After 30min in He flow (1, black line) at 200°C, the ceria rods were exposed to
CO (2, red line) for 30min, see FTIR spectra in figure A4.6a. On exposure to
CO, the hydroxyl peaks at 3700 and 3648cm™! decreased in intensity (see inset
in figure A4.6a) with a significant increase in intensities of characteristic peaks
related to formate (2840cm™') and carbonate (857cm™!) species. These CO-
induced changes are clearly visible in the CO-He difference spectrum shown in
figure A4.6b, where the negative peaks represents the OH species that disappear
with the appearance of positive formate (evident at 2945, 2840, 1576cm™"!) and
carbonate (at 1362 and 857 cm~!) peaks. Note that the spikes (artifact of electronic
signal) were observed in the 1800 — 1200cm ™! range for ceria rods that can be at-
tributed to the high absorbance of the sample or sample scattering effects. Spike
removal was performed on the spectra showed in figure A4.6 to better highlight
the differences. To obtain the carbonate and formate peaks in wavenumber region
1600 — 1200cm ! within detector sensitivity, the lower amount of samples is re-
quired for pressing a pellet. Therefore, ceria rod sample was diluted with inert
KBr in the ratio 1:1 and FTIR experiments were performed. As can be seen in
figure A4.7, fewer carbonates and formates are formed on exposure with CO. In
addition the carbonate to formate pattern observed for the full and difference spec-
tra for diluted ceria rods is similar to the pattern for pure ceria rods (figure A4.6).

After CO, He (3) was flowed for 30 min to remove any weakly adsorbed species
formed in the presence of CO (see the green spectrum in figure A4.6¢ and differ-
ence spectrum (3-2) in figure A4.6d). As evident in figure A4.6d, 10 % desorption
of adsorbed species (both carbonates and formates) occured with the subtle regen-
eration of OH?%*® species upon flowing He after CO.

Subsequently, H,O/He (4) was flowed to regenerate the ceria support, followed
by He (5) flow to remove any physisorbed H,O. The spectrum obtained in He (5,
blue, after 30 min exposure) is shown in figure A4.6e with the spectrum obtained
in He (3, green). As can be seen in figure A4.6e and A4.6f (difference spectrum
5-3), major regeneration of OH>’% and OH3®*® species (inset in S6e and positive
bands in S6f) and decomposition of carbonate and formate species (approx. 90 %)
happened upon exposure to H,O.
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Figure A4.6: In situ FTIR spectra at 200°C of ceria rods a) in He(1) (black spectrum),
followed by CO(2) (red line); b) CO (2) - He (1); ¢) CO(2) (red line) followed by He(3)
(green line); d) He (3) - CO (2); e) He (3) and He(5) after He/H,O(4) flow (blue spectrum);
f) He (5) - He (3).

113



CHAPTER 4

Figure A4.7: To obtain the carbonate and formate bands within the sensitivity
of the MCT detector, a sample pellet was prepared by diluting ceria rods with KBr
(1:1). As the sample was diluted, less amount of isolated OH groups at 3700 and
3638cm™! are available and the hydrogen bonded OH3*** band appears promi-
nent. As a result of less isolated OH species, fewer carbonates and formates were
formed on exposure with CO. The carbonate-to-formate pattern observed for the
full spectra and difference spectra was however similar to the pattern for pure ceria
rods (figure A4.6).
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Figure A4.7: In situ FTIR (a) spectra and (b) difference spectra at 200°C of ceria rods
(with KBr) in He flow (black spectrum), followed by 33 vol.% CO/He (red line) and then
by He flow (green line) and subsequently in He after H,O flow (blue spectrum).
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In figure A4.8, the comparison of the spectra obtained in He flow for the fresh
sample (solid line) and after regeneration with H>O (dash-dotted line) is shown.
As clearly evident from the figure, an increase in intensities of hydroxyl bands
is observed for the regenerated sample, indicating that more OH species were re-
stored after water treatment. In addition, increases in intensities of poly-dentate

carbonate peaks (1800 — 900 cm™!) were also observed.
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Figure A4.8: In situ FTIR spectra of ceria rods at 350°C in He flow for fresh sample
(solid spectrum) and after regeneration with H,O (dash-dotted spectrum).
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In figure A4.9, the He subtracted CO spectrum (CO - He) of ceria rod at 200°C
and 350°C are shown. As evident from figure A4.9, both spectra show peaks at
similar peak position. However the relative peak intensities differ at both temper-
atures. This observation indicates that the similar defects with different amounts
are formed on ceria rods at 200°C and 350°C.
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Figure A4.9: CO - He Raman spectra of ceria rods at 200°C (dash-dotted spectrum) and
350°C (solid spectrum).
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Defect chemistry of ceria
nanoparticles as a function of
exposed planes

Research question:
Is the defect chemistry of ceria plane-dependent?
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In the last chapter we saw in detail the defect chemistry of ceria rods, but does
this transfer to octahedra (i.e., is there plane-specificity), and, if so, what is the
behavior for ceria cubes?

*In preparation as: S. Agarwal, X. Zhu, E. J. M. Hensen, L. Lefferts, & B.L. Mojet, “Defect
chemistry of ceria nanoparticles as a function of exposed planes,” J. Phys. Chem C
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Abstract

The defect chemistry of reduced ceria nanoshapes was investigated using in situ
Raman and FTIR spectroscopies. Octahedra and rods display similar defect pat-
terns, principally due to the formation of anion Frenkel pairs and oxygen vacan-
cies in CO, which is attributed to their common {111} exposed planes. Cubes,
with {100} terminations, exhibit different defect patterns in CO than octahedra
and rods, specifically through the formation of oxygen vacancy defects at the ex-
pense of existing anion Frenkel pairs. Furthermore, reduced octahedra and rods
can be further reduced upon exposure to CO, whereas reduced cubes must undergo

complex surface reconstruction to allow interaction with CO.

5.1 Introduction

Ceria (CeO,) based materials are widely used for a range of applications such as,
biomedicine[1], solid oxide fuel cells,[2] solar fuel systems,[3] O, sensors,[4,5]
catalysis, etc. In catalysis, CeO; is used as a promoter in three-way catalysts
(TWCs) for treatment of toxic exhaust gases,[6] to remove soot from automotive
engines[7] and pollutants from waste water.[8] Another significant catalytic ap-
plication includes the low temperature water gas shift reaction (LT-WGS),[9-11],
steam reforming of oxygenates from bio-0il[12, 13] and preferential oxidation of
CO (PROX).[14, 15] In all these applications, highly mobile lattice oxygen is in-
volved in the process that leads to facile creation of defects (e.g. oxygen vacancies)
in the lattice, hence affecting the electronic and chemical properties of ceria.[16]
Furthermore, defect sites in the lattice act as active sites during the catalytic reac-
tion.[16] Therefore, the control of the density and the nature of vacant sites could
provide a means for tuning the reactivity of ceria-based catalysts.

One of the widely accepted pathways to increase the activity and reducibility
of ceria catalyst is through the development of robust synthesis methods to obtain
ceria nanostructures with controlled crystallographic planes.[17] CeO; nanoshapes
have been successfully synthesized in various morphologies such as cubes, rods,
wires, octahedra, spindle-like, etc, and examined for catalytic reactions, in which
morphology-dependent performance has been reported.[18-23]

Previously, the common consensus was that ceria rods had better catalytic re-
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activity than ceria octahedra and cubes due to the presence of exposed {110}
and {100} planes.[19,21,23,24] However, we recently demonstrated that both
rod and octahedra have {111} exposed planes; as compared to {100} for cubes.
The exposed planes are consistent with observed WGS (water gas shift) reac-
tivity trend: Rods ~ octahedra < cube.[25] These reports on ceria nanoshapes
agree well with the experimental literature for ceria films. So far, several funda-
mental investigations related to the adsorption and dissociation of various probe
molecules (CO,[26] methanol,[27] formic acid,[28,29] water[30]) have been ex-
tensively studied on epitaxially grown ceria (111) and (100) surfaces. (100) sur-
faces are found to be more active in adsorbing and reacting with probe molecules
than (111).[27] Furthermore, in order to relocate surface charge and attain stability,

(100) planes undergo surface reconstruction and form defects.[31]

Based on the earlier reports, pretreatment/processing conditions that enhance
the formation of clusters of oxygen vacancies result in better reducibility of ce-
ria.[32] Generally, ceria-supported catalysts are hydrogen pretreated to reduce the
metal particles on them.[33] During the reduction, ceria supports are also greatly
affected. For instance, H, dissociation on the metal particle can result in spillover
of [H] species to the ceria support, generating bridging OH groups.[34] H, expo-
sure further results in the change of the oxidation state of the ceria from Ce** to

Ce3* and removal of surface oxygen atoms to generate oxygen vacancies.[16]

We recently reported that WGS activity of ceria nanoshapes, as well as the inter-
action with CO/H,O as studied with FTIR, is dependent on the exposed planes.[25]
We then selected rods with their exposed {111} planes to highlight the complex
role of defects during CO adsorption and reaction with H,O, as a function of tem-
perature. Our motivation for the present work was thus to see whether this strong
dependency on exposed planes is also true for the role of defects on these ceria
nanoshapes. In the present study, we provide a detailed understanding of the roles
of defects in reduced cubes (i.e., the {100} plane) as compared to octahedra and
rods (with {111} planes), with focus on the local defect structure of different ex-
posed planes of ceria and the effects on the reducibility of ceria nanoshapes. More-
over, we also investigate the effect of reducing treatment influencing the behavior
of defects on these ceria nanoshapes. Our results show that reduced octahedra and
rods behave similarly. Therefore, we will restrict the discussion to a comparison
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between results obtained with cubes versus octahedra only; the experimental re-
sults obtained with rods are presented in the Appendix (figures A5.4, A5.7-A5.9).
In the remainder of this paper we used the term ‘defect chemistry’ to refer to the

dynamic behavior of defects on ceria nanoshapes as a function of gas type.

5.2 Experimental section

5.2.1 Sample preparation and initial characterization

CeO, cubes and rods were synthesized via the hydrothermal procedure, reported
by Mai et al.[19] For details related to the synthesis procedure, refer to our earlier
work.[25] CeO» octahedra (99.9 % pure) with particle size smaller than 25 nm were
obtained from Sigma-Aldrich. Both samples were calcined at 500°C (heating rate
5K/min) for 4h in synthetic air (flow rate 50 mL /min).

The initial characterization results of these ceria nanoshapes were similar to the
reported data in our previous work.[25] The XRD (X-ray diffraction) data was
obtained using Bruker D2 Phaser diffractometer equipped with CuKy, radiation
(A = 0.1544nm). Refer to our earlier work for the XRD pattern and HRTEM
images of ceria cubes, rods and octahedra. To summarize the XRD results of
nanoshapes, the observed diffraction peaks were indexed as the face-centered cubic
phase of CeO,.

The BET surface areas of samples were determined using a Micromeritics Tris-
tar instrument. Prior to N physisorption, the samples were out-gassed in vacuum
at 300°C for 24h. The BET values of cubes, octahedra and rods were 10, 58 and
80m? /g, respectively.

5.2.2 In situ Raman spectroscopy

Jobin-Yvon T64000 triple-stage spectrograph equipped with CCD detector was
used for the Raman measurements. The Raman spectra with resolution of 2cm™!
were obtained using Kinmon He-Cd 325nm (UV) laser. The output power of the
laser was 30mW. However, the power on the sample was maintained at 6mW.
The laser was exposed for 10min on the sample 2 times (2 co-additions), hence
recording each spectrum took 20min. Powdered samples (approximately 10 mg)

were loaded in the homemade stainless steel cell and then compressed to obtain a
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dense catalyst bed. For calibration of Raman spectra, Teflon was used as a standard
material. All the gas lines before the Raman cell were heated to 100°C to avoid
condensation.

All the samples are pretreated in H, (Linde 5.0) at 450°C for 60min. For CO
reactivity studies, 33vol% CO (Supplier: Linde 4.7) in He (Linde 5.0) was used.
For H,0 adsorption experiments, He (20mL/min) was flowed through the satu-
rator filled with H,O. To obtain the H>O vapor pressure of 9mbar, the saturator
temperature was kept at 5°C. The total flow of gases used during the experiments

was maintained to 20mL/min.

5.2.3 In situ FTIR spectroscopy

A Bruker Vector 22 was used for the transmission FTIR (Fourier transform infra-
red) measurements. The spectra were recorded using MCT detector by averag-
ing 128 scans with a spectral resolution and time interval of 4cm~' and 1205
respectively. The empty cell was used to collect the background spectrum. Self-
supporting pellets of typically 13 to 15 mg of samples were pressed and put into a
purpose-built stainless steel cell.

Varian Chromopack CP17971 Gas Clean Moisture Filter was used to trap any
moisture from the He (Linde 5.0) gas. Prior to CO/H,O studies, pressed ceria
samples were pretreated in H, (Linde 5.0) for 60 min at 450°C. For CO adsorption
experiments, 33vol% CO (Linde 4.7) in He (total flow 20mL/min) was used. For
obtaining the H,O flow with vapor pressure 9 mbar, He (20mL/min) was bubbled
through the saturator (temperature maintained at 5°C) filled with H,O. All the
tubing from the gas panel to the cell was preheated to 200°C in order to avoid

condensation in lines and temperature drop in FTIR cell.

5.2.4 Experimental procedure

Raman and FTIR spectra were recorded after flowing gases in the sequence as
shown in the experimental scheme in figure 5.1. The samples were heated in Hy
flow (20mL/min) to 450°C (heating rate 5K/min) followed by an isothermal pe-
riod of 60min. After pretreatment, ceria shapes were cooled to 150°C in He flow
and then heated to the reaction temperature (350°C) at the rate of 5K/min in He
flow (20mL/min). The samples were exposed to He, CO and H,O for 30min in
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Figure 5.1: Experimental scheme for Raman and FTIR experiments at 350°C.

the order as presented in figure 5.1. For simplicity, all the gas flows are labeled
with a sequential number that will be used as a reference for each gas in result and

discussion section.

5.2.5 Data analysis

Raman and FTIR spectra were analysed using Bruker OPUS (version 7.0) spec-
troscopy software. All the Raman spectra presented in this work were baseline cor-
rected (concave rubberband correction, 1 iteration) and smoothened (using Savitzky-
Golay algorithm, 25 points). In a similar way, FTIR spectra (baseline correction-2

points, smoothened-21 points) were processed.

5.3 Results and discussion

In situ Raman and FTIR spectra of Hy-reduced ceria octahedra and cubes in He
flow at 350°C are shown in figure 5.2. The Raman spectra were normalized to the
455cm~! peak. The Raman spectra of both nanoshapes consisted of two broad
peaks centered at 455 (Ir2¢) and 594 (Ip) cm™~!. Based on the literature, the peaks
at 455 and 594cm~! have been assigned to the symmetric stretch mode of Ce-
03[35, 36] and anion Frenkel pair defects in the ceria lattice,[37, 38] respectively.
As suggested in our earlier work for unreduced ceria rods, the shoulder bands at
404 and 487 cm™! on both sides of fluorite peak are due to distortion in the fluorite
structure.[39] This distortion is the result of an imperfect fluorite lattice with Ce-
O,, where x = 5,6,7. The shoulder peaks in 540 — 560cm~! region previously has
been assigned to the oxygen vacancy defects.[38,40,41]
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Figure 5.2: In situ normalized Raman (a) and FTIR (b) spectra of H, reduced ceria octa-
hedra (solid black spectrum) and cubes (dash-dotted blue spectrum) in He flow at 350°C.

On comparing the Raman spectra of the two reduced nanoshapes in figure 5.2a,
we observed that the Iy, peak for octahedra (solid black spectrum) was less broad
in comparison to the cubes (dash-dotted blue spectrum). The broadening of this
peak at 350°C for cubes is due to the increase in intensity of the side features
at 404 and 487cm~!. Similar features were previously reported for the unreduced
ceria nanoshapes.[39] These features are further supported by the XRD and Raman
data, where cubes were found to have more strain and distortion in the lattice in

comparison to octahedra.[25,42]

The relative intensities of Ip to Iry, in the present work follows the trend cubes
> octahedra. This observation is again consistent with the previous studies and
indicates that cubes have a higher fraction of defects.[38,42] In addition, the ratio
of the peak maxima Ip/Irye for reduced ceria samples (figure 5.2a) was higher in
comparison to the unreduced nanoshapes (figure AS.1a). This observation was
more evident in case of cubes, pointing out that cubes are more easily reduced.
Furthermore, the shoulder bands at 404 and 487cm~! next to the fluorite peak

(455cm™!) are more prominent for the unreduced ceria nanoshapes (figure A5.1a).

In situ transmission FTIR spectra of the reduced ceria octahedra (solid black)
and cubes (dash-dotted blue spectrum) are shown in figure 5.2b. It must be noted
that the peak intensity in FTIR cannot be directly correlated with the amount of
sample as the light scattering properties are not only affected by the amount of
sample, but also by the shape and size of particles.[43]
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Three distinct sets of peaks can be observed: O-H stretching vibrations between
3800 and 3000cm™!,[44, 45] stretching linear vibration of CO adsorbed on Ce*t
and Ce>T (2200 —2000cm™")[45] and C-O; (x=2,3) stretching and deformation
between 1700 and 800cm™!.[46-49]

The peaks in the OH and C-O; region for reduced ceria nanoshapes have been
extensively discussed in our previous work. The reader is referred to chapter 2 for
further details. Summarizing, the following observations were made: The main
hydroxyl (OH) peak for the cubes and octahedra was observed at 3638cm™!, as-
signed to bridging hydroxyl species.[44,45] Broad bands (at approx. 3450 and
3173cm™!) related to multi-bonded and hydrogen bonded hydroxyl species were
observed in the spectral region 3500 — 3000 cm~1.[45] Both of the ceria nano-
shapes exhibit these distinct OH peaks, however with different relative intensities.
For instance, the ratio of the peak maximum I3633/13450 was lower for cubes in
comparison to octahedra. Furthermore, on comparing the reduced (figure 5.2b)
and unreduced ceria cubes (figure AS.1b in the Appendix), it is clear that during
hydrogen pretreatment the isolated hydroxyl species at 3710cm™![44,45] com-
pletely disappear along with major decrease in OH3®3® species, again indicating

cubes are highly reducible.

The carbonate peak positions in C-O, region for the cubes and octahedra varied,
and in fact these peaks were sharper for cubes. This difference can be attributed to
the different exposed planes on cubes ({100}) versus octahedra ({111}). Further-
more, the relative ratio of carbonates (1700 — 1200cm ") with respect to hydroxyl
(3800 —3000cm ™) region for cubes was higher in comparison to octahedra due to
the favorable formation of carbonates on the (100) plane in comparison to the (111)
plane.[42, 50] Note that the peak position of carbonate species on the reduced and

unreduced (figure AS.1) ceria nanoshapes varies.

CO on Ce** and Ce** — For the reduced samples, a small peak at 2112 and
a shoulder band at 2150cm~! were observed (figure 5.2b inset). These features
have been attributed to the CO adsorption on the Ce3T and Ce** sites.[45,51] The
CO adsorbed on the cerium cations is possibly formed during the H, pretreatment,
where the carbonates (formed on exposure to atmospheric CO,) species partially
decompose into CO and CO; giving rise to cleaner samples.[45, 52]

To summarize our Raman and FTIR data for reduced ceria nanoshapes, more

128



5.3. RESULTS AND DISCUSSION

defects, as well as higher amount of carbonates with respect to hydroxyl, were

observed for ceria cubes than for octachedra.

5.3.1 In situ Raman: CO adsorption and reactivity with water

To investigate the defect chemistry of the ceria nanoshapes at 350°C, the H,-
reduced sample was exposed to the series of gas flows as outlined in the figure 5.1
(section 5.2), resulting in the spectra shown in figure 5.3. The left and right hand
side plots are related to the octahedra and cubes, respectively, with each plot con-
taining spectra from ‘before’ and ‘after’ each stage of the gas treatments.

Raman spectra of the reduced octahedra and cubes obtained in He(1) and CO(2)
flow are shown together in figure 5.3a and b. After 30min in He(1) flow, CO
was adsorbed on the sample (red dash-dotted spectrum). In CO, for both nano-
shapes, the fingerprint fluorite peak at 455cm™! and the side peaks at 404 and
487cm~! decreased in intensity. In the case of octahedra, the intensities of the
defect bands, including the peaks in region 540 — 560cm~' (oxygen vacancy,
0,40)[38,40,41] and 594cm™! (anion Frenkel pair, Ip)[37, 38] increased indicat-
ing the creation of new defects. For cubes, new CO-induced defect bands were
observed in 540 — 560cm~!. Unlike for octahedra, in cubes the anion Frenkel de-
fect peak at 594cm~! decreased in intensity on introduction of CO. This observa-
tion for the cubes hints towards the formation of oxygen vacancy at the expense of
anion Frenkel pair defects in CO. Comparing the CO-induced defects for reduced
(figure 5.3) and unreduced (figure A5.2 in the Appendix) nanoshapes, it is imme-
diately apparent that the reduced samples form relatively higher amount of defects,
especially for cubes. We believe that the present work is the first experimental evi-
dence clearly showing that the CO induced defects are formed differently on ceria
shapes with different exposed planes. In the past few years, Wu et al. have exten-
sively studied similar ceria nanoshapes for the reactivity towards CO, methanol,
and ethanol.[24, 38, 53, 54] Unfortunately, direct comparison of their results with
our data cannot be made as the experimental conditions are very different.

After CO exposure, the cell was exposed to He(3) to remove weakly adsorbed
CO (solid green spectrum in figure 5.3c and 5.3d). Subtle changes were observed
for both nanoshapes. Firstly, the peak at 455cm~! increased in intensity, whilst
peaks at 404 and 487 cm~! showed almost no change. Secondly, the overall defect
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band showed subtle increase in intensity for the octahedra, whereas for cubes O,
(540 — 560cm™ ") decreased with an increase in intensity of Ip (594 cm™ ).

After He(3), HoO/He(4) flow was introduced in the Raman cell (dash-dotted or-
ange spectrum in figure 5.3e and 5.3f). In the presence of H,O/He, the fluorite
peaks at 404, 455 and 487 cm~! showed increased intensities accompanied by par-
tial disappearance of peaks assigned to defects that were induced by CO treatment,
for both ceria octahedra and cubes. Specifically, the Ip peak in cubes increases in
intensity accompanied by a decreasing O, peak, whereas for octahedra both peak
intensities were reduced in HyO/He flow (4).

Subsequently, He(5) was flowed after HO/He(4) to remove physisorbed water
from the sample. The spectra obtained for ceria octahedra and cubes in He (5,
solid blue spectrum) and HyO/He(4) are shown in figure 5.3g and h respectively. In
octahedra, the 455cm ™! peak showed a subtle increase in intensity with the further
disappearance of CO-induced defects, whereas for cubes very minor decreases
in intensities of the fluorite and defect peaks were observed. Note that for both
shapes, in particular for octahedra, the disappearance of defects occurred in two
stages: First in HyO/He(4) and the remaining in He(5) after H,O flow.

5.3.2 Insitu FTIR: CO and H,O adsorption

To investigate the types of species involved/formed during defect creation on re-
duced ceria nanoshapes, in situ FTIR spectroscopy was performed under identical
conditions to the in situ Raman experiments. The plots obtained by subtracting
spectra obtained after two consecutive gas treatments are plotted in figure 5.4. The
positive peaks in the difference spectra correspond to the species formed, whilst
negative peaks indicate that species have disappeared on introduction of CO. (The
original un-subtracted spectra are shown in figure A5.3-A5.5 of the Appendix).

In CO, the peaks corresponding to formate and carbonate species increased in
intensity significantly (solid red spectrum in figure 5.4a and b, respectively) along
with decreasing intensity of OH peaks (bridging, multi and hydrogen bonded) for
octahedra and cubes. On comparing the CO-He FTIR spectrum of cubes with oc-
tahedra, the C-O vibration of formed formate species was observed at the same
peak position (1580cm ™), whereas the C-H vibration was observed at 2843 cm™!
(2838cm™! for octahedra). Unlike octahedra, carbonate-related positive peaks
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were observed for ceria cubes at 1491 and 870cm™~! (1494 and 854cm™! for oc-
tahedra) and a positive OH peak related to bi-carbonates species (CO,(OH) ) was
observed at 3592cm™! (for octahedra at 3618 cm™!).[25, 39] In addition, the pro-

}{3173

nounced negative O peak was also observed for cubes.

As can be seen in figure 5.4c and d, on subsequent treatment with He (3, solid
green spectrum), the peaks related to formate species (2945 and 1580cm™!) dis-
appeared with a shift and partial re-appearance of the OH3¢"* peak (OH?*¢"° for
cubes). The disappearance of formate peaks is clearly evident in figures A5.3b
and A5.5b (in the Appendix). This observation indicates a backward reaction of
formates to CO. Furthermore, partial decomposition of bi-carbonate species, evi-
dent from negative peaks at 1402cm~! and 3592cm ™! for cubes (3618cm ™! for
octahedra) was observed for the reduced ceria nanoshapes.

Similar to our previous findings, on exposing octahedra to H,O vapor (solid
orange spectrum, figure 5.4e), mono and bi-dentate carbonate species decom-
posed (evident from negative peaks at 1394, 854cm™!) leaving behind stable poly-
dentate carbonates (1388cm™'; figure A5.3¢).[39] In addition, an increase in in-
tensity of OH peaks was observed, pointing towards hydroxyl group regeneration.
On subsequent exposure of the cubes to H,O vapor (figure 5.4f), decomposition of
carbonates (evident from 1387, 870cm™") together with regeneration of hydroxyl
species (3670, 3629 and 3450cm ™) was observed.

The FTIR difference spectra He(5)-H,O(4) for the octahedra and cubes are
shown in figure 5.4g and h, respectively. The spectra (carbonate region 1700 —
1200cm™!) obtained in H,O (4, dash-dotted orange spectrum) and He (5, solid
blue spectrum) flow are plotted in the insets of figure 5.4g and h. Negative OH
peaks were observed for octahedra and cubes due to the removal of weakly ad-
sorbed H-bonded water (figure 5.4g and h). Interestingly, for octahedra, the band
in the 1700 — 1200cm ™! region becomes narrower along with an increase in the
peak maxima (figure 5.4g inset). These induced changes are better reflected in
the difference spectrum (figure 5.4g) where negative peaks at 1553 and 1530cm ™!
and positive peaks at 1440, 1388, 1318cm ™! are observed. These peaks are clearly
associated with carbonates and not with formate species, since no CH peaks were
observed in the 3000 —2800cm ™! region. Based on the peak positions we as-
sign negative and positive peaks to bi-dentate and poly-dentate carbonate species
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respectively.[55] From this observation, it seems that rearrangements of carbon-
ate species on ceria octahedra occurred, which resulted in the formation of stable
poly-carbonates at the expense of bi-dentate carbonates. This agrees well with the
theoretical prediction of Vayssilov et al., whom have reported the transition of bi-
dentate carbonates in the vicinity of oxygen vacancies to stable poly-carbonates
due to the enhanced structural flexibility next to the oxygen vacancy defects.[56]
In addition, a change in the dipole moment of the carbonate C-O bond upon des-
orption of water may also affect the peak position and intensity of carbonates. For
cubes, an increase in intensity of poly-dentate carbonate peaks (1471, 1388cm™1)
was observed with a subtle decrease in bi-dentate species (1553 and 1530cm ™!,
figure 5.4h). Notably, the overall carbonate band in the region (1700 — 1200cm ™)
did not become narrower on introduction of He(5), see figure 5.4h inset.

Finally, on comparing the FTIR subtracted spectra for reduced (figure 5.4) and
unreduced ceria (figure A5.6) nanoshapes, the global trend with respect to the
different gas types was similar especially for the ceria cubes. However with careful
inspection, the following observations were made: Firstly, the actual peak position
of hydroxyl, carbonates and formates species and carbonate/formate peak ratio
varied based on whether the samples were pretreated or not. These observations
are much more pronounced for the ceria octahedra. Secondly, unlike reduced ceria
cubes (figure 5.4b), no OH species related to bi-carbonates species (CO,(OH) ™)

at 3592cm™! were observed in CO for the unreduced ceria cubes (figure AS.6b).

5.3.3 Insitu FTIR: CO adsorption on Ce* and Ce**

To investigate the reducibility of ceria nanoshapes (pretreated in H») after expo-
sure to CO and H,O, we plotted the FTIR spectra in the range 2250 —2000cm ™!
(figure 5.5). As indicated earlier, the observed peaks at 2150 and 2112cm™! for
both ceria nanoshapes in He (1, solid black line) flow are due to CO adsorbed on
accessible Ce** and Ce** respectively. See figure 5.1 for the gas flow labels. In
the presence of CO in the gas phase, these peaks are usually hidden within the very
intense vibration peak of COy).

On flowing He after CO (3, dashed green line in figure 5.5), peaks related to
COy,) disappeared and peaks due to CO adsorbed on cerium ions can now be ob-
served. In the case of octahedra, increases in intensities of the 2112 and 2150cm ™!
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Figure 5.5: In situ FTIR of reduced ceria (a) octahedra and (b) cubes at 350°C obtained
in He(1), He(3) and He(5) flow. Key: He(1) black solid line is obtained for the freshly re-
duced samples in He flow, He(3) dashed green line is obtained in He flowed after exposure
to CO gas and He(5) dash-dotted blue line is recorded in He flow after exposure to H;O
vapor.

peaks were observed. The increase in intensity of these peaks is due to the inter-
action of CO with the accessible cerium ions formed either during Hj pretreat-
ment or on exposure to CO(2) flow. For the cubes a subtle increase in intensity
of 2150cm™! with slight decrease in intensity of 2112cm™~! peak was observed,
indicating the absence of accessible cerium ions for interaction with CO. On com-
paring the results of both nanoshapes and keeping in mind the possibility that CO
exposure can further form more bare cerium ions, we suggest that in the presence

of CO octahedra further reduce, whereas cubes are not further reduced in CO.

Finally, decreasing intensities at 2112 and 2150cm ™! were observed as a result
of the exposure to H,O, followed by flushing with He (5, dash-dotted blue line
in figure 5.5). The intensity of the Ce3* and Ce*" peaks were lower after H,O
exposure (dash-dotted blue spectra) than the intensities of the respective peaks
obtained for the freshly reduced ceria samples (solid black spectra). In addition,
the decrease was much more pronounced for the cube sample, indicating towards
their higher extent of re-oxidation in H>O in comparison to other ceria nanoshapes,
which agrees well with our previous work.[42]
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5.4 General discussion

Raman and FTIR spectroscopy results (figure 5.2) confirm that the reduced ceria
cubes have a higher amount of intrinsic defects and a higher relative ratio of car-
bonates to hydroxyl species than octahedra. This is in agreement with the literature
and is attributed to the difference in surface termination on these ceria nanoshapes.
Octahedra, with {111} planes, have accessible Ce and O in the top layer (see fig-
ure A5.10 in the Appendix). In the case of cubes, with {100} exposed planes, the
surface layer is O terminated. Due to the difference in geometry and coordination
number, the interaction of different exposed planes with gases varies. The differ-
ences on interaction with CO and H;O as observed on these ceria nanoshapes are
illustrated in figure 5.6. The structure of both nanoshapes has been simplified to
2-D representations for clarity reasons, implying that the surface, i.e. the top layer
is presented in 2-D.

Octahedra — The presence of intrinsic defects (Ip and O,,,.) for reduced ceria oc-
tahedra (figure 5.2a) is shown in figure 5.6a. When the surface is exposed to CO,
more oxygen vacancy (O,,.) and anion Frenkel pair (Ip) defects are created (dash-
dotted red spectrum in figure 5.3a) along with a significant increase in amounts
of formates, carbonates (mono (I) and bi (II)-dentate) and bi-carbonates (solid red
spectrum in figure 5.4a). These observations are correlated and illustrated in fig-
ure 5.6b, where we observe that oxygen moves from the lattice position to interact
with CO to form carbonates (I and II) while creating a vacant site at its lat-
tice position (O,,. defect). At the same time, an oxygen leaves its lattice position
and moves to an interstitial site in the lattice, giving rise to more Ip defects.
In addition to defect-related carbonates, bi-dentate (II) carbonates (bonded to two
oxygen of the ceria lattice), bi-carbonates and formates are also formed in CO.

Interestingly, on flushing He(3) after CO, a subtle increase in the I defect band
is observed (solid green spectrum in figure 5.3c¢), as illustrated in figure 5.6¢ (high-
lighted region). At the same time, the disappearance of formate species with partial
re-appearance of the hydroxyl peak is observed (figure 5.4c). In addition, the par-
tial decomposition of bi-carbonate species is also observed. The disappearance
of formates and bi-carbonates with re-appearance of OH groups is shown in fig-
ure 5.6c. Based on the above findings, it is clear that the formation of formates

and bicarbonates by the interaction of OH species with CO does not involve the
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Figure 5.6: Schematic representation of the interaction of ceria octahedra (left plots) and
cubes (right plots) as a function of different gas flows at 350°C. Key: Op represents
oxygen that moves from the lattice position to interstitial site forming anion Frenkel pair
defects. Oy denotes oxygen in ceria lattice interacting with CO to form carbonate species
while creating vacant site at its original lattice position (oxygen vacancy defects). and

symbolize vacant lattice sites created due to the formation of anion Frenkel pair and
oxygen vacancy defects, respectively. For recognizing the defects created with respect to
each gas type, the square boxes are colored accordingly. Lastly, = denotes oxygen bonded
with other cerium atom which cannot be presented in the 2-D model.
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creation of defects in the octahedra lattice.

In the presence of HoO/He(4), the Ip and O,,. defects partly disappear (fig-
ure 5.3e) with the decomposition of mono (I) and bi-dentate (II) carbonates (fig-
ure 5.4e) accompanied by the regeneration of hydroxyl species. As illustrated in
figure 5.6d, the carbonate (I and II) species related to the defects disappear and the
vacant sites | F | and are refilled with oxygen accompanied by the regeneration
of OH species on exposure to H,O/He.

Finally, in He after H,O(5) further disappearance of CO-induced defects is ob-
served (figure 5.3g) along with the formation of stable poly-carbonates at the ex-
pense of bi-dentate carbonates (figure 5.4g). Based on the above, we propose that
the bi-dentate (II) carbonate species remaining after H,O treatment further inter-
acts with the neighboring vacant sites in the lattice to form stable poly-dentate
(IIT) carbonates while successively refilling the oxygen vacancy site (highlighted
in figure 5.6e).

Cubes — The lattice sketch of the reduced cube is shown in figure 5.6f. Sim-
ilar to octahedra, on exposure to CO, formation of formates, carbonates and bi-
carbonates (figure 5.4b) are observed in cubes. However, unlike octahedra, the
new CO-induced defects, specifically O, are created at the expense of existing
Ip defects (figure 5.3b). It must be noted that the formates cannot be associated
with defects as they are formed by the interaction of CO with only one oxygen of
the ceria lattice. On linking the Raman and FTIR findings, it is apparent that the
formation of mono/bi-dentate carbonates and bi-carbonates induces the formation
of oxygen vacancy sites by interacting with the interstitial oxygen (Op) associ-
ated with the existing anion Frenkel pair defects (see figure 5.6g for a schematic).
Furthermore, formates and bi-dentate carbonates (II) that do not create defects are

also formed in CO.

The key difference in the interaction of ceria nanoshapes with CO is that the
(111)-terminated octahedra forms both anion Frenkel pair and oxygen vacancy de-
fects, whereas the (100)-terminated cubes form oxygen vacancy defects at the ex-
pense of anion Frenkel pairs, i.e., octahedra can be further reduced in CO, whereas
cubes cannot accumulate any more oxygen so must undergo vacancy reorganiza-
tion. This observation is further supported by FTIR data (figure 5.5). Even after
pretreatment with Hj, octahedra can be further reduced exposing bare cerium ions,
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see figure 5.5a (dashed green spectra) while forming more defects (O, and Ip).
On the other hand, cubes seem not to be further reduced in CO (dash green spec-

trum in figure 5.5b) and hence undergo lattice rearrangement to interact with CO.

In He after CO (figure 5.3d), the decrease in the O,,, with an increase in inten-
sity of Ip is observed. Similar to octahedra, the disappearance of formate species
with partial re-appearance of the OH groups and the partial decomposition of bi-
carbonate species are observed (figure 5.4d). Based on the above findings, it is
clear that with the disappearance of bi-carbonate species, the O,,. defects also
partly disappear while restoring part of I defects in the cube lattice (the proposed
scheme shown in figure 5.6h). On comparing the results with octahedra (figure
5.6¢), it is evident that the bi-carbonate species do not create defects in the octahe-

dra lattice.

On subsequent exposure to HyO(4) vapor, the I band further increases in inten-
sity with a decrease in the O,,. peak (figure 5.3f) followed by the decomposition
of carbonates (figure 5.4f) with the regeneration of hydroxyl species. This obser-
vation indicates that the carbonates (I and II) related to defects decompose and
disappear in H,O while refilling the vacant site with oxygen (or OH group)
and subsequently regenerate the anion Frenkel pair defects in the cube lattice (il-
lustrated in figure 5.61). On the other hand, in case of octahedra (figure 5.6d),
regeneration of both defects (O,,. and Ip) is observed in H,O(4) vapor. The re-
oxidation of ceria nanoshapes after exposure to H,O vapor is further reflected by
the decrease in intensity of peaks associated with CO adsorbed on bare cerium ions

(dash-dotted blue spectrum in figure 5.5).

Finally, in He after H,O(5) a minor decrease in the O,,. peak is noted (fig-
ure 5.3h) along with rearrangements of bi-dentate to stable poly-dentate carbonate
species (figure 5.4h). Similar to octahedra (figure 5.6e), we suggest that the oxygen
vacancies are further filled during the interaction of bi-dentate (II) carbonates with
the neighboring vacant sites to form poly-carbonates (III) in the cube lattice

(schematically shown in figure 5.6j).

Lastly, the defect behaviors for octahedra and rods are the same (figure 5.3 left
plots and figure AS5.7), which reinforces the fact that they share the same exposed
(111) planes. This is despite the fact that rods and octahedra exhibit different
structural features, which has been demonstrated through the existence of dark
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pits (“intrinsic” defects) in TEM images of rods but not in octahedra.[25, 32]

The present work is relevant to understand the defect chemistry of ceria nano-
shapes applicable for catalytic reactions, such as WGS, steam reforming of hy-
drocarbons, CO oxidation etc. According to the literature, for these reactions the
important role of defects has been greatly emphasized and the current work gives
clear insight on the effect of exposed planes of ceria nanoshapes as a function of

reductive pretreatment.

5.5 Conclusions

A detailed understanding of the defects chemistries of ceria nanoshapes during
the interaction with CO/H,O in cubes (i.e., the {100} plane) as compared to oc-
tahedra and rods (with {111} plane) is presented. The CO-induced defects for
rods and octahedra were found to be the same, while the defects formation in CO
for cubes were fundamentally different. For instance, in cubes oxygen vacancy
(Oyqc) defects were formed at the expense of existing anion Frenkel pair (Ip) de-
fects, whereas in case of other two nanoshapes both defect types (O, and Ip)
were formed irrespective of existing Ip defects. The Raman results are further
supported by FTIR findings that clearly confirm that H,-reduced ceria rods and
octahedra can be further reduced in CO, simultaneously creating bare cerium ions
and new defects (O, and Ip). However, in the case of H,-reduced cubes, interac-
tion with CO occurs by lattice/vacancy reorganization as the H,-pretreated cubes
are not further reducible in CO. These observations affirm that the defect chem-
istry of ceria nanoshapes is directly dependent on the surface terminations. This
knowledge is essential for optimizing ceria nanoshapes for reactions involving CO
and H,O.
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The normalized Raman and FTIR plots of ceria nanoshapes at 350°C are shown

in figure A5.1. These spectra are obtained for ceria nanoshapes that were not
pretreated with H.
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Figure AS.1: In situ normalized Raman (a) and FTIR (b) spectra of unreduced ceria octa-
hedra (black) and cubes (blue) in He flow at 350°C.

The Raman spectra of unreduced ceria nanoshapes obtained on exposure to CO
are shown in figure A5.2. The ceria samples used for investigation did not undergo
any prior Hy pretreatment
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Figure A5.2: In situ Raman spectra of unreduced ceria (a) octahedra, (b) rods and (c)
cubes at 350°C obtained in He (black) flow followed by CO (red) flow.
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FTIR spectra of Hy-reduced ceria octahedra at 350°C are shown in figure A5.3.
On introduction of CO, OH?*? slightly increase in intensity with decrease in
intensity of OH?%® and the broad OH band in region 3500 — 3000cm™! (fig-
ure A5.3a). Peaks related to C-H stretch of formate species at 2945 and 2838 cm™!
were observed. In addition, peaks at 1580, 1457, 1388, 1298, 1055 and 854cm™!
were also observed. These peaks are related to C-O stretching and bending vi-
bration of carbonate and formate species. In He after CO, subtle increase in

intensity of OH3668

peak was observed (figure A5.3b). Formate species (evi-
dent from 2945 and 2838cm™' peaks) disappeared. The bands in the region
1800 — 1200cm " were less broad due to the disappearance of peak at 1580cm™!.
Peaks at 1055 and 854cm™! slightly decreased in intensities. Subsequently in
H,O, an increase in intensity of OH peaks were observed. The broad OH band
in the region 3500 — 3000cm ™! increased in intensity. For further details see the
subtracted section (figure A5.4). Bands related to carbonate species partly de-
composed in the presence of H,O. Please note that all the carbonates formed in
the presence of CO did not disappear, indicating the formation of stable carbon-
ates. Finally in He after H,O, the decrease in intensity of OH peaks was observed
(figure A5.3d). The broad OH band in the region 3500 —3000cm ™' decreased
in intensity due to desorption of physisorbed water. Bands related to carbonate
species showed an increase in intensity at 1457 and 1388cm ™! with a decrease in
the 1553 and 1530cm™! bands. This is suggested to be due to the restructuring of
carbonates on octahdera, as well as the change in dipole moment of the C-O bond

due to the removal of weakly adsorbed water.
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Figure A5.3: In situ FTIR spectra at 350°C of reduced ceria octahedra in a) He(1, black
spectrum), followed by CO(2, red line); b) CO(2) followed by He(3, green spectrum); c)
He(3) followed by H>,O/He(4, orange line); d) in HyO(4) followed by He(5, blue spec-
trum).
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In figure A5.4 the FTIR spectra of ceria rods obtained in different gas treat-
ments are shown. As the observation for rods are similar to octahedra, refer to the

description of the previous figure A5.3 for details.
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Figure A5.4: In situ FTIR spectra at 350°C of reduced ceria rods in a) He(1, black spec-
trum), followed by CO(2, red line); b) CO(2) followed by He(3, green spectrum); ¢) He(3)
followed by H,O/He(4, orange line); d) in HyO(4) followed by He(5, blue spectrum).
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The resulting FTIR spectra of cubes obtained on exposure to CO and H,O are
shown in figure AS.5. In CO, significant amounts of carbonates and formates were
formed (figure AS5.5a). Formate formation was evident from the peaks at 2845
and 1580cm™!, whereas C-O stretch of carbonates were observed at 1391 and
866cm™!. Furthermore, OH>¢?? increased in intensity with decrease in intensity
of OH**7" and a broad OH band in the region 3500 — 3000cm .

Upon exposure to He, a subtle increase in intensity of the OH>%7 peak was
observed (figure A5.5b). For further details see subtracted section (figure 5.4).
Similar to octahedra and rods, 2945 and 2845cm™! peaks related to C-H stretch
of formates disappeared. Bands in the region 1800 — 1200cm ™! were less broad
due to the disappearance of the peak at 1580cm™!. Peaks at 1069 and 866cm !
decreased in intensities.

On introduction of H>O vapor, increases in intensity of OH peaks were observed
along with an increase in the broad OH band in the region 3500 — 3000cm .
Bands related to carbonate species decomposed in the presence of H,O.

Finally in He after H,O, an overall decrease in intensity of OH peaks was ob-
served (figure A5.5d). Due to desorption of physisorbed water, the broad OH band
in the region 3500 — 3000cm ™! further decreased in intensity. Bands related to
carbonate species showed an increase in intensity at 1470 and 1391cm™! with a

subtle decrease in 1553 and 1530cm ™! peaks.
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Figure AS5.5: In situ FTIR spectra at 350°C of reduced ceria cubes in a) He(1, black spec-
trum), followed by CO(2, red line); b) CO(2) followed by He(3, green spectrum); ¢) He(3)
followed by H,O/He(4, orange line); d) in HyO(4) followed by He(5, blue spectrum).

In figure AS.6 the subtracted FTIR spectra of unreduced ceria octahedra (left

plots) and cubes (right plots) are shown. As the observation for reduced ceria

nanoshapes are similar to unreduced, refer to the section5.3.2 for further details.
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Figure A5.6: In situ FTIR subtracted spectrum at 350°C of unreduced ceria octahedra
(left plots) and cubes (right plots) obtained by subtracting (a) and (b) He(1) from CO(2);
(c) and (d) CO(2) from He(3); (e) and (f) He(3) from H,O(4); (g) and (h) H,O(4) from
He(5). Insets in figure 5.4g and 5.4h are expanded spectra of carbonate regions obtained
in H,O (dash-dotted orange) and He (5, blue) flow.
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In figure AS5.7, Raman spectra of ceria rods obtained in consecutive gas treat-
ments are shown. As can be seen in figure AS5.7a, the fluorite peaks (404, 455 and
487cm™") decrease in intensities and new defects (540, 563, 594cm™!) are created
on introduction of CO. Subsequently, on flowing He after CO, subtle changes in
the fluorite (350 — 500cm ') and defect (500 — 600cm ") regions were observed.
On exposure to HyO/He, fluorite peaks further increased in intensity with major
disappearance of defect bands. Finally in He after H,O, further increase in fluorite
peaks observed and the remaining CO-induced defects disappeared. The Raman
behavior for rods is similar to the octahedra, indicating that defect chemistry is

dependent on the exposed planes.
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Figure A5.7: In situ Raman spectra at 350°C of reduced ceria rods in; (a) He(1, black
spectrum), followed by CO(2, red line); (b) CO(2) followed by He(3, green spectrum); (c)
He(3) followed by HyO/He(4, orange line); (d) H,O/He followed by He(5, blue spectrum)
flow.
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In figure AS.8, the subtracted FTIR spectra of ceria rods obtained by subtracting
the spectrum in ‘before’ and ‘after’ stage can be seen. The observations for rods

are similar to octahedra.
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Figure A5.8: In situ FTIR spectrum of reduced ceria rods at 350°C obtained by subtract-
ing (a) He(1) from CO(2); (b) CO(2) from He(3); (c) He(3) from H,O(4); (d) H,O(4) from
He(5) spectrum.
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In figure AS.9, the FTIR spectra for ceria rods obtained after exposure to CO and
H,O can be seen. The observations for rods are similar to octahedra (figure 5.5a).

For details refer to section 5.3.3.
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Figure A5.9: In situ FTIR of reduced ceria rods at 350°C obtained in He(1), He(3) and
He(5) flow. Key: He(1) black solid line, He(3) dashed green line and He(5) dash-dotted
blue line.

The lattice representations (side view) of the (111) and (100) ceria surfaces are
shown in figure A5.10. The CeO; (111) surface has both Ce and O accessible in
the top layer, whereas CeO, (100) has either O or Ce accessible in top layer.

(111) (100)

(b)j\

(a)

9

v

Figure AS5.10: The ball and stick model of the (111) and (100) surfaces. Key: Ce (Light
yellow) and O (red) atoms. These structures were drawn using Jmol (an open-source Java
viewer for chemical structures in 3D; http://www.jmol.org/).
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CHAPTER 6

Abstract

The work presented in this thesis highlights the fundamental aspects of ceria nano-
shapes and the effect of exposed planes on their performance as a catalyst support.
The main objectives were to investigate the true exposed facets, as well as to un-
derstand the reactivity of hydroxyl species and the role of defects on the ceria
nanoshapes. In this chapter, the main conclusions of this work are summarized,

followed by recommendations for future research.

6.1 Conclusions

CeO, particles tailored into nanoshapes are desirable for enhanced activity and se-
lectivity for catalytic applications. However, at the start of this work a coherent
understanding of the surface species actually responsible for the enhanced activity
was lacking. This thesis thus aimed to provide a coherent, systematic and con-
sistent picture of fundamental aspects of ceria nanoshapes, with emphasis on the
effects of exposed planes on overall performance.

The first part of this thesis is dedicated to the identification of the true ex-
posed facets on ceria nanoshapes using aberration-corrected transmission elec-
tron microscopy (AC-TEM) and high-angle annular dark field imaging (HAADF)
(chapter 2). Prior to the present work, it was the common belief in the literature
that rods expose {110} and {100} planes, and this was used to explain their en-
hanced activity. However, data in the previous literature were recorded prior to the
recent advancements in TEM (of AC and HAADF), and the results were unclear.
Our WGS and FTIR results hinted that rods must have the same exposed planes as
octahedra, which spurred us to re-examine rods with up-to-date equipment. From
our new AC-TEM results it is evident that ceria octahedra and rods both expose
{111} surfaces, whereas ceria cubes principally expose {100} surfaces. In addi-
tion, Hp-reduced ceria nanoshapes were tested for the water gas shift reaction to
evaluate the catalytic behavior as a function of surface plane. WGS activity nor-
malized with surface area (m?) was identical for ceria octahedra and rods, whereas
ceria cubes were found to be much more active. Furthermore, to gain mechanis-
tic insight related to the interaction of CeO, with CO/H,0O molecules during the
WGS catalytic reaction, Hp-reduced ceria nanoshapes were analyzed using FTIR
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spectroscopy at 350°C. FTIR data further proves that rods and octahedra resemble
each other in surface termination, as evidenced by the hydroxyl (O-H) vibration
bands, whereas cubes clearly have a different relative amount of the surface OH
species. Moreover, the interaction of OH species with CO results in similar spec-
tral features for rods and octahedra, whereas clear differences were observed for
cubes. By combining WGS reactivity, FTIR and TEM measurements it is clear
that the surface termination affects the overall performance of ceria nanoshapes.
Due to the presence of the same {111} exposed planes, ceria rods and octahedra
show similar WGS activity, as well as similar interaction of OH species with CO as
observed with FTIR spectroscopy. Interestingly, cubes with more reactive {100}
surface planes have different OH bands and interactions with CO, resulting in a

higher WGS activity per m.

In the second part of this thesis (chapter 3),
focus is on the role of different types of ac-
tive hydroxyl (OH) species on the different ex- |
posed planes (from wires, cubes and octahe-

dra) and their reactivities towards CO and the NN /.7
Ce Ce Ce

extent of regeneration in water at 200°C. It is

known that hydroxyl species are the active sites Bridging hydroxyl (-OH™

in ceria-supported catalytic reactions such as —
WGS, and it is also known that steric constraint @
can lead to different amounts of hydroxyl species

on different exposed planes. To what extent Reactive
is the activity of hydroxyl groups affected by Figure 6.1: Schematics presenting
the exposed planes? At 200°C, all three ce-  the interaction of bridging hydroxyl
ria nanoshapes showed similar O-H stretching on ceria nanoshapes with CO.
bands although with different relative intensities. In the case of wires and cubes,
the bridged hydroxyl species (OH3%*") was found to be reactive towards CO, whilst
only limited interaction with CO was observed for octahedra (schematically shown
in figure 6.1). Moreover, octahedra showed the formation of hydrogen carbonates
in CO, which was not the case for other two shapes. Furthermore, the relative
amount of defects observed follows the trend: Octahedra < cubes < wires. Based
on all these observations, it is proposed that the interaction of specific hydroxyl
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groups with CO is influenced by the presence of defects as well as shape of the ce-
ria nanoforms. In addition, subsequent exposure to water vapor at 200°C showed
a clear shape-dependent water activation, resulting in removal of different relative

amounts of formates and carbonates formed in either ambient or CO.

Finally, in the last part of the thesis, the defect chemistry of unreduced and
reduced ceria nanoshapes is extensively discussed based on the Raman and FTIR
results by varying the temperature (chapter 4) and gas environment (chapter 5).
It is well known in the literature that the presence of intrinsic defects, as well
as the ease of formation of defects during the reaction, strongly influences the
ceria-catalyzed reactions. This gives rise to several questions: Is defect chemistry
affected by different exposed planes? Are all of the defect types known/accounted
for? Are the formation/healing of defects during the interaction with CO/H,O
dependent on the surface terminations of the ceria nanoshapes?

In chapter 4, the complex role of defects was explored during CO adsorption
and consecutive reaction with H,O in ceria rods using a combination of in situ
Raman and FTIR spectroscopies. It is proposed that apart from the reported de-
fects, such as anion Frenkel pair and oxygen vacancies, the ceria lattice might
also form other defect types, e.g., vacancy clusters, interstitial and Schottky dis-
order, on exposure to CO. In addition, the involvement of defects in ceria rods
for the formation of specific formate and carbonate surface species was found to
be dependent on temperature. For instance, the majority of formates and carbon-
ates formed in CO at 200°C do not induce vacancies in the ceria lattice, whilst
at 350°C formation of both formates and carbonates (mono/bi-dentate) result in
the creation of vacancies. Furthermore, stable poly-dentate carbonates are formed
at 350°C that neither decompose in water vapor nor create vacancies in the ceria
lattice. It must be noted that the Raman signatures of the defect peaks arising in
CO are very similar. However, their chemical origin seems to be different since at
350°C the addition of H,O is needed to remove the vacancies, while at 200°C the
majority disappeared already in He flow. Further theoretical studies are highly rec-
ommended for specific defect identification and corresponding peak assignment in

the Raman spectra.

In chapter 5, a detailed synopsis of the roles of defects in cubes (i.e., the {100}
plane) as compared to octahedra and rods (with {111} plane) is presented. The
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defect chemistries of both rods and octahedra as functions of gas environment was
found to be the same. Interestingly, the CO-induced defects on cubes were intrinsi-
cally different to the defects on octahedra and rods. For instance, in cubes oxygen
vacancies (O,,.) were formed in CO at the expense of existing anion Frenkel pair
defects (Ip), whereas for the other two nanoshapes both O,,. and I defects were
formed irrespective of existing Ip defects. These findings are further supported
by FTIR data which shows that H,-pretreated rods and octahedra can be further
reduced in CO, whereas Hj-pretreated cubes are not further reducible in CO and
hence undergo structural rearrangement to further react with CO. These observa-
tions confirm that the defect chemistry on ceria nanoshapes is directly dependent

on the surface terminations.

From this work it is clear that the ceria cubes show higher catalytic activity (per
m?) than rods or octahedra. This is due to the different exposed planes, which
give rise to different defect-creation mechanisms and different relative amount of

hydroxyl species (and their interaction with CO and H;O).

6.2 General recommendations

In light of the present work new questions have arisen. These general recommen-
dations begin with the validation of some of the assumptions made in this thesis

followed by the recommendations for the future research.

6.2.1 Wire vs. rod

When the work in this thesis was initiated the three ceria nanoshapes were oc-
taheda, cubes, and wire (chapter 3), but later the wire was replaced with rods
(chapter 2, 4, 5). In chapter 3 (not shown) rods were also used but omitted due to
their similar spectroscopic signatures to wire (see figure A6.1 in Appendix). The
main reason for changing to rods was to allow better comparison with the literature
(where rods are by far used most often). Bearing in mind the similar FTIR spectra
and geometries, the assumption that both wires and rods have similar terminations

{111} was straightforward. However, this does require validation using AC-TEM.
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6.2.2 Bridged hydroxyls on ceria nanoshapes at 200°C

One of the principle conclusions of this thesis is that the catalytic behavior of ce-
ria nanoshapes is dependent on their exposed planes, and extensive experimental
evidence has been provided to support this. However, there is still a puzzle when
comparing the FTIR data for ceria nanoshapes at 200°C (chapter 3). To be pre-
cise, bridged hydroxyl group reactivity with CO on wires (or rods with the {111}
plane) and octahedra {111} is different (figure 3.8a, chapter 3). It appears that the
reactivity of bridged OH may not be dependent on the surface plane. How can this
discrepancy be understood?

The defects introduced on exposure to CO at 200°C are similar for both octa-
hedra and rods. Therefore, the different reactivities of bridged OH cannot be ex-
plained due to the presence of CO-induced defects. However, it must be noted that
the relative amount of intrinsic defects observed using Raman followed the trend:
Wires (similar to rods, see above) > octahedra (figure 3.3b, chapter 3). Therefore,
it seems that at 200°C, the bridged OH reactivity is most probably determined by
the presence of intrinsic defects and not CO-induced defects in the vicinity of OH

groups.

6.2.3 Cubes with high surface area

Based on this work, cubes are the most promising ceria shape due to their high
WGS activity per m”. In reality, cubes have very low surface area in comparison to
other ceria nanoshapes. To make them attractive as an active support for industrial
catalytic applications such as the water gas shift (WGS) reaction, CO oxidation,
and steam reforming of hydrocarbons, it is recommended to synthesize cubes with
higher surface area, i.e., with much smaller dimensions and less polydispersity. In
fact, some recent literature has shown that the hydrothermal-microwave assisted
synthesis approach result in ceria shapes with high surface area.[1]

6.2.4 Role of vacancy clusters in ceria nanoshape catalysis

In this thesis focus has been made on point defects. However, the presence of va-
cancy clusters, such as dimers and trimers, and their influence in determining the

oxidation-reduction properties of ceria nanoshapes cannot be fully ignored. There
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have been reports in the literature related to these vacancy clusters using AFM
and STM on ceria oriented ceria films.[2-5] With the recent advancements in ex-
perimental physical chemistry, the integration of spectroscopic techniques (e.g.,
Raman) with interfacial techniques (e.g., scanning probe microscopy) allows the
understanding of surface chemistry of materials on a truly atomic scale.[6-8] It is
highly recommended to investigate the defect chemistry of ceria nanoshapes us-
ing the in situ Raman technique coupled with scanning force techniques to enable
direct identification of defect types as a function of temperature and gas environ-
ment. Furthermore, theoretical studies are required for identifying and assigning

different types of point defects and vacancy clusters in the Raman spectrum.

6.2.5 Ceria nanoshapes with metal loading

Now that the fundamental behavior of ceria nanoshapes is better understood, the
more industrially relevant catalytic reactions (such as WGS, CO oxidation, steam
reforming of hydrocarbons/bio-oil) involving ceria loaded with metal particles can
be addressed. As mentioned in the introduction, all of the studies to date on metal-
loaded ceria nanoshapes emphasize the underlying (110) and (100) exposed planes
of ceria rods as giving rise to the enhanced reactivity. The presence of these active
planes increases the bonding strength between the metal particles with the ceria
support, as well as an increase in the presence and transfer of lattice oxygen from
the ceria support to metal particles. However, it is now known from the present
work that ceria rods preferentially expose {111} facets, which completely reopens
the field in terms of interpretation and understanding of the interaction of metal
particles with ceria nanoshapes, as well as what drives the overall performance of
these catalysts. Key questions include how the metal dispersion is influenced by
the surface plane of ceria; how the metal/particle interaction is affected by the dif-
ferent surface terminations of ceria; can the synthesis of stable ceria nanoshapes be
up-scaled for industrial applications; is the presence of active surface planes, i.e.,
(100), really desirable, bearing in mind that these planes can actively interact with
the reactants/intermediates and, if the bonding is too strong, can lead to support

poisoning?
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Appendix 6
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Figure A6.1: In situ FTIR spectra at 200°C of ceria wire (a, ¢) and rod (b, d) in He flow
(black spectrum), followed by CO (red) and finally in He after regeneration in H,O vapor
(blue spectrum).
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