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Résumé

a) Introduction Géné&ale

Partout dans le monde, plus de 85% de tous les produits chimiques sont fabriqués al'aide
de catalyseurs.! Les catalyseurs sont divisé en des catalyseurs homogénes, qui sont solubles
dans le milieu réctionnel, et les catalyseurs hé&&ogenes, qui restent al'é&at solide. Un
catalyseur méallique hé&é&ogene est typiquement constituéde I'é@ément actif méallique, des
promoteurs, et d’un matériau de support. Pendant de nombreuses années, les supports ont &&
pr&umes d’étre catalytiquement inertes, et il était considéré que leur réle principal est de
faciliter la formation de petites particules et d’assurer leur stabilité¢ thermique. Cependant,
depuis les annéss 80, des preuves ont surgi que le support peut avoir une influence marquéee
sur les propriéé& des particules attaché sur lui. Cet effet, habituellement cité comme
«nteraction méal-support (MSI)>; est reconnude jouer un rde clénon seulement dans la
catalyse, mais aussi dans d'autres applications importants comme la microéectronique, des
dispositifs photovoltasjues, des capteurs de gaz, etc.?En catalyse hé&ogéne, un certain nombre
de modédes ont é&éproposeé pour expliquer l'influence des effets MSI. Les deux aspects qui
sont pr&lominantes proposent que l'effet soit dGaune perturbation de la fonction de méal
dectronique ou structurelle (par exemple un effet de transport de charge) ou dGaun transport
de masse de l'appui sur le méal (par exemple I'encapsulation).? 1l est donc envisagé qu’on
pourrait traiter des propriétés catalytiques, par bien accorder I’interaction entre le métal et le

support.

Le cobalt est un des mé&aux de transition importants utilisés comme catalyseurs dans
plusieurs réctions chimiques.>® 1l joue un rée majeur dans le processus industriel de
production d'hydrocarbures liquides &partir du charbon, appelé la synthése Fischer - Tropsch.®
Au cours des derniéres années, Cobalt est considé&€&comme un maté&iau potentiel pour le

reformage d'hydrocarbures pour la production de carburants renouvelables. Le rde de
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I'interaction de cobalt avec des supports dans les ré&ctions catalytiques reste une question en
suspense. Il a @édonc proposéque la taille des particules de cobalt, ainsi que sa reéluctibilité
et stabilitésont fortement affecté& par le support. Par exemple, dans la synthése Fischer -
Tropsch, Al>Os est considééde fortement interagir avec Co, provoquant la formation de petites
particules de cobalt. Cependant, un effet néyatif de cette interaction est une diminution de la
réluctibilitédu cobalt et la formation d'espeges inactives du cobalt, tels que I'aluminate de
cobalt.” SiO, ait && dé&rite aavoir une interaction relativement faible avec Co, qui est
considéé& comme pré&é&able pour la ré&luctibilitédu cobalt et la formation de particules larges,
mais dans des certains cas, la formation de 1’inactif silicate de cobalt a été rapporté.® D'autre
part, ZnO est un support habituellement utilis€pour des catalyseurs du reformage d'éhanol,
mais il a &ésignaléafortement interagir et oxyder cobalt, par une réction al'éat solide &
temp&ature devé®® Des mat&iaux abase de carbone, tels que les nanotubes de carbone et
des fibres de carbone, pourraient potentiellement surmonter ces difficultés, car ils ont une
interaction limité& avec le méal.'>'? Cependant, il est difficile de préparer des mat&iaux de
carbone en pellets avec une haute stabilitémé&anique, et le cot plus éevédes nanotubes de
carbone (NTC) est également un probléme majeur. Les éudes mentionnées ci-dessus désignent
la né&essitéd'une nouvelle approche pour développer des catalyseurs de Co supportés avec des

interactions appropriées.

Le graphéne est considé&é€ comme un matéiau de support attractif pour les clusters
méalliques, en raison de ses caracté&istiques @éectroniques, structurelles et chimiques
uniques.'® En outre, le graphéne a &ééé&udié comme un couvercle de protection ultra-mince
de métaux tels que Cu, Cu/Ni, Ag, Fe, etc., contre la corrosion par l'air, I’H20, et les
environnements éectrochimiques.'**” Cependant, l'effet du graphéne a I’interaction métal -
support, et en particulier en utilisant comme support un oxyde, n'a pas &é éudie jusqu'a
présent. Dans ce travail, I’interaction de cobalt avec des substrats diffé&ents (SiO2, ZnO,
graphite pyrolytique hautement orient&HOPG) a éééudiépar des meéhodes spectroscopiques

et analytiques microscopiques. Pour la premiée fois, une mono-couche de graphéne a &é
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utilis& comme une couche tampon pour ajuster l'interaction Co-support. Les propriéés redox
de catalyseurs de Co supportés ont &ééudiées sous pression basse (5 x 10'mbar) et moyenne
(7mbar) d'oxygeéne et d’hydrogéne (O2/H2). En outre, l'effet du graphéne a l'interaction d’un

catalyseur biméallique (platine/cobalt) avec des supports a ééegalement éudié

La these est divisé en 6 chapitres. Le premier chapitre contient une introduction et une
revue de la littéature relié au sujet de cette thése. Le deuxi@ne chapitre explique les principes
thériques et les déails techniques des mé&hodes de préaration des eéhantillons, et les
techniques exp&imentales utilisées dans cette theése. Les substrats graphéne-oxyde ont &é
préaré par transfert de monocouches de graphene préaré par déd chimique en phase
vapeur(CVD) sur des cristaux d'oxyde planaires. Pour la caracté&isation des €hantillons, la
spectroscopie de photoéectrons (XPS) a é&é€ principalement utilis€ mais éjalement la
spectroscopie Raman (Raman), la microscopie aforce atomique (AFM) etla spectroscopie

haute réolution des @ectrons de perte d'éergie (HREELS).

b) Ré&ultats et interpréation

i Enqué&e de Co interaction avec ZnO et graphéne-couverte ZnO dans des
conditions UHV

Le troisiéne chapitre deerit I'@ude de nanoparticules de cobalt supportésur ZnO (0001)

(Co/ZnO) et sur graphéne-Zn0O (0001) (Co/G-ZnO). L'interaction entre Co et ZnO a &éééudié

in situ par recuit des &hantillons sous ultravide (UHV) et en effectuant une analyse quantitative

et chimique de leur surface en utilisant I’XPS.
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Figure 1 Les spectres XPS de (a) Co/ZnO et (b) Co/G-Zn0O aprés calcination ades tempé&atures diffé&entes.
(c) Variation des rapports d'intensité XPS Co 2p/Zn 2p des éhantillons Co/ZnO et Co/G-ZnO avec la
tempé&ature. Pour faciliter lacomparaison, les rapports d'intensitéCo 2p/Zn 2p sont normalisé au rapport
initial 230 <C. Les barres d'erreur repréentent la diffusion de donné&s en tant que I'é&art entre la valeur
moyenne obtenue dans trois expériences répéées. Une repréentation graphique de la morphologie des

particules de cobalt apreés calcination ala tempé&ature plus evée est comprise.

Les résultats ont montréque cobalt est progressivement oxydépar ZnO lors du recuit sous
UHV, par une réction al'@at solide entre Co et ZnO. Dans la Figure 1la, 2300 <C, Co est
compléement oxydéen CoO. En revanche, le recuit de I'é&hantillon Co/G-ZnO ne provoque
aucun effet éident ala forme du pic XPS Co 2p, Co restant al'éat mé&allique mé&ne aprés un
recuit &350 <T (Figure 1b). On suppose alors que la monocouche de graphéne agit comme une
barriére physique qui empé&he la diffusion de Co et qui est aussi imperméable de I'oxygene du
support. Les images AFM en combinaison avec les ré&ultats XPS ont montréque, apres le
recuit, les particules du CoO supporté& en ZnO, sont devenus plus plats tandis que le cobalt
meéallique supportéen G-ZnO éait en forme de nanoparticules, agglomé&és en particules plus
grosses (Figure 2). Les résultats Raman ont montréque la monocouche de graphene &ait de

bons éats apres le transfert sur la surface de ZnO, apres le d&a de Co et apres le recuit. Un
4
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transfert de charge entre Co et graphéne a &é&aussi observé Globalement, il est montréque la

monocouche de grapheéne pourrait effectivement empé&her I'oxydation de Co par le support

(ZnO) et qu’elle a &jalement un effet sur la morphologie des particules de Co.

Figure 2 Les images AFM (500 %500 nm?) de (a) Frais Co/Zn0O, (b) Co/ZnO apreés calcination &350 T, (c)

Frais Co/G-Zn0, et (d) Co/G-ZnO aprés calcination a350 C

Intensity / a.u.

Figure 1 (a) Spectres Raman du PMMA et du G-ZnO avant et apreés recuit ainsi qu'apres cycles de dé&
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ii. Modification les proprié&é d'oxydo-ré&luction de cobalt par le graphene
Dans le quatrieme chapitre, cing &hantillons ont &épréarés et éudiés: CoZnO, CoGZnO,
CoSi0O2, CoGSiO; et CoOHOPG. Les propriéés d'oxydation / ré&luction de tous les éhantillons
sous Oz/H, &des pressions de 5 x 107 mbar (pression basse) et 7 mbar (pression moyenne) ont

égedudies.

Intensity (a.u.)

790 785 780 775 770 765 760 755 750 745 740 735 730
Binding Energy (eV)

Figure 4 Spectres de Co2ps: et les images AFM (500 x 500 nm?) de Co (0, 35 nm) déposésur 5 supports

diff&ents

Les résultats AFM (Figure 4) ont montréque Co forme des nanoparticules sur les substrats
ouune couche de carbone (de graphéne ou HOPG) est insé&ée, ce qui limite I'oxydation de Co
par I’O2 de ’ambiance a des pressions faibles. Cela est dOala formation d'une couche de CoO

ala surface, qui empé&he la dissociation et la diffusion de I'oxygéne plus profondénent dans
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les nanoparticules sous des conditions exp&imenté ales appliqués. Au contraire, due ala
formation des structures de cobalt aplaties sur SiO2 et ZnO, l'oxydation par I'oxygene est
prouvéplus facile en pression basse. La ré&luction de Co par H.a é&éfortement affecté& par
I'interaction méal-support. CoO qui a &@écré2en ZnO ne pouvait pas ére r&luite, en raison de
la réction solide entre Co et ZnO tandis que CoO cré&sur SiO2 pourrait &re ré&luit, mais atres

haute tempé&ature (600 <C). CoO sur carbone pourrait &re reéluit atrés basse tempé&ature (250

).
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Figure 5 (a) Spectres Co2p des &hantillons Co/ZnO et Co/G/Zn0O frais et aprés oxydation dans 7 mbar O2
a25 et 250 °C, (b) I'&olution de I'é&at de valence moyenne (Co**) et (c) le rapport XPS Co/substrat de

I'aire du pic normaliséasa valeur ala tempé&ature ambiante, en fonction de la tempé&ature d'oxydation.

Aux pressions d’Oz2 plus élevés (7 mbar), Co est d’abord oxydé a CoO a la température
ambiante, et &250 T il est oxydéaCo304, quel que soit le substrat (Figure 5). Né&anmoins, la
monocouche de graphéne a encore un effet fort sur la réluction de Co3z04 a une pression d’Hz
de 7 mbar. L’introduction d’une monocouche de graphéne entre Co et ZnO ou SiO2, provoque

7
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la réluction complée de Co en tempé&ature plus faible par rapport acelle de Co sur ZnO ou
SiO; (Figure 6). Les résultats Raman ont montré qu’aprés le traitement a pression basse, le
graphene é&ait encore de bonne qualité peu importe de substrat. Néanmoins, apres des
traitements sous pressions moyennes, des défauts ont &ecré&s au grapheéne, en particulier a
I'é&hantillon CoGZnO. Cette é&ude montre que Co et le substrat actent comme catalyseurs pour
la formation de défauts de graphéne pendant les traitements d'oxydation / réluction. En
particulier, le nombre de défauts introduits au graphéne augmente quand la réctivitéentre Co
et le substrat d'oxyde augmente (par exemple pour ZnO). Cette partie du travail a montréque
la monocouche du grapheéne pourrait &re utilisée comme une couche tampon pour ajuster
l'interaction entre Co et le support: elle interdit I'oxydation du CO a pression basse d’O2, mais

facilite la ré&luction apressions basses et moyennes.
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Figure 6 Spectres XPS des &hantillons pre-oxydés et mis &7 mbar Hz adiffé&entes tempé&atures de
calcination. (a) L’&olution de I'éat de valence moyenne (Co**) et (b) le rapport de surface de pics

Co/substrat normaliséen fonction de la température de calcination.
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iii. Modification les proprié&é& d'oxydo-ré&luction de Co-Pt par le graphéne
Dans le cinquieme chapitre, l'effet d’introduction de la monocouche du graphéne a
I'interaction entre le systéne biméallique (Co-Pt) et le support a @ééudié Deux &hantillons
ont éeéudié: CoP/tZnO et CoPt/G/Zn0. Les éudes redox ont é&érelisees dans les ménes

conditions que celles du chapitre 4.

CoPt/ZnO CoPt/G/ZnO
Temperature
—_ 550°C
=
T
=
K7)
c 0
o 450 °C
£
300°C
25°C
" | i | 1 1 1 " | 1 1 1 |
800 790 780 800 790 780

Binding Energy (eV)

Figure 7 Les spectres XPS de CoPt/ZnO et CoPt/G/ZnO sous UHV en fonction de la tempé&ature de

calcination.

Les images AFM ont montréqgue le biméallique Co-Pt forme particules dont la morphologie
ressemble acelle du Co monoméallique. Dans ce cas, les réultats d'oxydation/ré&luction a
tempé&ature basse ont éalement dénontrédes tendances similaires avec les exp&iences de Co
monométallique, ou I’oxydation du Co sur la couche de graphéne a &é€limiteée et son réluction
a éeaccéee. Cependant, avec l'addition de la Pt, la tempé&ature de réluction de tous les
&hantillons éudi& é&ait infé&ieure acelle mesuréau Co monoméallique. Ceci peut &re
expliquépar le fait queH; est dissociésur Pt, facilitant ainsi la réluction de Co.38 En outre, &

pressions moyennes, le graphéne a &alement facilitéla r&luction de CoO dans le systéme Co-
9
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Pt. Cette partie du travail a prouvéque la monocouche de graphéne pourrait &re utilisée pour

ajuster l'interaction méal-support dans un systame plus complexe (Co-Pt).

a) 5x 10 mbar O, b) 5 x 10 mbar H, —m— CoPt/ZnO
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Figure 8 Valence moyenne de Co des CoPt/ZnO et CoPt/G/ZnO sous traitements redox abasse pression

(en haut) et amoyenne pression (en bas)
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Figure 9 Les images AFM (500 <500 nm?) de Frais CoPt/ZnO, CoPt/G/ZnO et &hantillons aprés diffé&ents

traitements

¢) Conclusions

Enfin, dans le sixiéne chapitre, les conclusions généales et les perspectives de ce travail
sont donnés. En géné&al, cette these propose une nouvelle approche pour modifier I'interaction
méal-support, &savoir en utilisant une monocouche de graphée comme un tampon entre la
couche méallique et le support. Les résultats montre que a) une monocouche de graphéne peut
protéger Co de I'oxydation par substrats réctifs (tels que ZnO) pendant le recuit sous UHV b)
Le graphéne peut ajuster I’interaction entre Co-ZnO et Co-SiOz, en particulier en limitant
l'oxydation du Co tandis qu’en facilitant sa réluction ¢) Une monocouche de graphéne peut
&jalement modifier I'interaction entre les particules biméalliques (tels que Co-Pt) et du
support. Cette thése porte sur des catalyseurs modées, mais elle manifeste les propri&és
prometteuses de graphene comme promoteur d'un support efficace aussi pour les catalyseurs
techniques. Cela peut inspirer de nouvelles éudes sur la préaration de supports catalytiques

revétus de graphéne dont I’interaction avec les particules de catalyseur est ajustable.

11



Résumé

d) Reference

1)

()

©)

(4)

(5)

(6)

(")

(8)

9)

(10)

(11)

Heveling, J. Heterogeneous Catalytic Chemistry by Example of Industrial Applications.
J. Chem. Educ.2012, 89 (12), 1530-1536.

Fu, Q.; Wagner, T. Interaction of Nanostructured Metal Overlayers with Oxide Surfaces.
Surf. Sci. Rep.2007, 62 (11), 431-498.

Zheng, F.; Alayoglu, S.; Guo, J.; Pushkarev, V.; Li, Y.; Glans, P.-A.; Chen, J.; Somorjai,
G. In-Situ X-Ray Absorption Study of Evolution of Oxidation States and Structure of
Cobalt in Co and CoPt Bimetallic Nanoparticles (4 nm) under Reducing (H.) and
Oxidizing (O2) Environments. Nano Lett.2011, 11 (2), 847-853.

Liang, Y.; Li, Y.; Wang, H.; Zhou, J.; Wang, J.; Regier, T.; Dai, H. Co304+ Nanocrystals
on Graphene as a Synergistic Catalyst for Oxygen Reduction Reaction. Nat. Mater.2011,
10 (10), 780-786.

Llorca, J.; de la Piscina, P. R.; Dalmon, J.-A.; Sales, J.; Homs, N. CO-Free Hydrogen
from Steam-Reforming of Bioethanol over ZnO-Supported Cobalt Catalysts. Appl.
Catal. B Environ.2003, 43 (4), 355-369.

Khodakov, A. Y.; Chu, W.; Fongarland, P. Advances in the Development of Novel
Cobalt Fischer-Tropsch Catalysts for Synthesis of Long-Chain Hydrocarbons and Clean
Fuels. Chem. Rev.2007, 107 (5), 1692-1744.

Dalai, A. K.; Davis, B. H. Fischer—Tropsch Synthesis: A Review of Water Effects on the
Performances of Unsupported and Supported Co Catalysts. Appl. Catal. A Gen.2008, 348
(1), 1-15.

Hong, J.; Chernavskii, P. a.; Khodakov, A. Y.; Chu, W. Effect of Promotion with
Ruthenium on the Structure and Catalytic Performance of Mesoporous Silica (smaller
and Larger Pore) Supported Cobalt Fischer-Tropsch Catalysts. Catal. Today2009, 140
(3-4), 135-141.

Martin-Luengo, M. A.; Sermon, P. A.; Wang, Y. Reduction and State of Co in Co/ZnO
Catalysts: Evidence of a Metal-Support Interaction. J. Catal.1992, 135 (1), 263-268.
Hyman, M. P.; Martono, E.; Vohs, J. M. Studies of the Structure and Interfacial
Chemistry of Co Layers on ZnO(0001). J. Phys. Chem. C2010, 114 (40), 16892—-16899.
Tréanier, M.; Tavasoli, A.; Dalai, A. K.; Abatzoglou, N. Fischer-Tropsch Synthesis
over Carbon Nanotubes Supported Cobalt Catalysts in a Fixed Bed Reactor: Influence of
Acid Treatment. Fuel Process. Technol.2009, 90 (3), 367-374.

12



Résumé

(12)

Xiong, H.; Schwartz, T. J.; Andersen, N. I.; Dumesic, J. A.; Datye, A. K. Graphitic-
Carbon Layers on Oxides: Toward Stable Heterogeneous Catalysts for Biomass
Conversion Reactions. Angew. Chemie Int. Ed.2015, 54 (27), 7939-7943.

(13) Novoselov, K. S.; Fal'ko, V. I.; Colombo, L.; Gellert, P. R.; Schwab, M. G.; Kim, K. A

(14)

(15)

(16)

(17)

(18)

Roadmap for Graphene. Nature2012, 490 (7419), 192-200.

Topsakal, M.; Sahin, H.; Ciraci, S. Graphene Coatings: An Efficient Protection from
Oxidation. Phys. Rev. B2012, 85 (15), 155445.

Kirkland, N. T.; Schiller, T.; Medhekar, N.; Birbilis, N. Exploring Graphene as a
Corrosion Protection Barrier. Corros. Sci.2012, 56, 1-4.

Prasai, D.; Tuberquia, J. C.; Harl, R. R.; Jennings, G. K.; Bolotin, K. I. Graphene:
Corrosion-Inhibiting Coating. ACS Nan02012, 6 (2), 1102-1108.

Nilsson, L.; Andersen, M.; Balog, R.; Lagsgaard, E.; Hofmann, P.; Besenbacher, F.;
Hammer, B.; Stensgaard, |.; Hornekeer, L. Graphene Coatings: Probing the Limits of the
One Atom Thick Protection Layer. ACS Nano2012, 6 (11), 10258-10266.
Papaefthimiou, V.; Dintzer, T.; Lebedeva, M.; Teschner, D.; H&ecker, M.; Knop-
Gericke, A.; Schlayl, R.; Pierron-Bohnes, V.; Savinova, E.; Zafeiratos, S. Probing Metal—
Support Interaction in Reactive Environments: An in Situ Study of PtCo Bimetallic
Nanoparticles Supported on TiO.. J. Phys. Chem. C2012, 116 (27), 14342—-14349.

13






Chapter 1

Introduction



Chapter 1 Introduction

1.1 Metal-Support interaction in catalysis
1.1.1 Fundamental aspects of metal-support interaction

In 1978, Tauster and co-workers! reported that the adsorption of Hz and CO over titania-
supported noble metal catalysts critically depends on the reduction temperature. Using electron
microscopy and X-ray diffraction, the authors excluded sintering of the metal particles and
indicated the migration of reduced titania species onto the metal as the cause of the decrease in
the chemisorption capacity. The authors introduced the term strong metal-support interaction
(SMSI) to refer to this phenomenon and since then it has been established as a crucial factor
which determines the activity and selectivity of catalysts. Apart from heterogeneous catalysis,
metal-support interaction plays a crucial role in many other technology fields, including
material science and microelectronics. A thorough understanding of metal-support interaction
mechanism has been a great challenge for industry and academia. The basic knowledge about
the interaction at the metal-support interface has been addressed in some excellent books and
reviews dealing with both experimental and theoretical aspects of the subject.2 In this work,
the problematic of metal-support interaction will be discussed, focusing on its relation to the
reduction-oxidation (redox) behavior of metal particles and consequently to catalytic reactions.
As supported metal catalysts are used in the majority of heterogeneous catalytic reactions, it is
common ground that the metal-support interaction plays a significant role in the general effort

to develop novel catalytic materials with improved performance.

Depending on the particular metal-oxide system, the support can influence the metal
particles in many different ways, by modifying their morphologies and sizes, by influencing
their adsorption properties or even, by changing their oxidation states. At least four
mechanisms have been put forward to describe the role of the support to the catalytic behavior
of the (supported) metal particles: i) spillover and decoration of the metal particles by support
species; ii) adsorption and activation of reaction intermediates over chemically active sites of
the support and migration to the metal; iii) modifications of the electronic structure of the metal
due to the interaction with the support, referred to the electronic (or ligand) effect and iv) the
geometric (or ensemble) effect related to strain effects within the metal structure which have a

direct influence on the topography of the atom distribution on the catalysts’ surface.’ In general,
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differentiation between these effects is rarely clear and there is often a contribution from more
than one effect. For example, charge transfer between the support and metal aggregates over
it, will perturbate the metal’s electronic structure. In addition, coverage of metal particles by
reduced oxide support species can stabilize the particles’ size. Apparently, since many
intertwined factors may influence the metal—support interaction, it is very difficult to elucidate
its nature by using complex real catalytic systems. Therefore, in this thesis model catalysts
systems were used, where several parameters like the support surface, contamination level,

deposition method etc., can be controlled during the preparation and the study of the specimens.

1.1.2 Interactions of cobalt with support

Among all sorts of supported metal catalysts, Co catalysts have been widely used for many
important reactions, such as Fischer-Tropsch synthesis, ethanol steam reforming reaction and
many others. A variety of materials have been tested as substrates in order to support and
disperse the active Co metal sites.>® The Co structure and oxidation state as well as the
consequent catalytic activity and stability are significantly influenced by the Co-support
interaction. Some examples of Co-support interaction will be elaborated in the following
manuscript, where we show how the Co morphologies, the oxidation states and the interactions
vary with oxide surface properties. The substrates are categorized by the properties of the
support to: i) reducible oxide (ZnO), ii) unreducible oxide (SiO2) and iii) carbon materials

(graphite and graphene).

1.1.2.1 Coon ZnO

ZnO supported Co catalyst has been proven to be one of the best catalysts in ethanol steam
reforming reaction.8%1 However, due to the complexity of working catalysts, the studies of
the Co-ZnO interaction are mainly performed on model systems. Termination of ZnO surface
and Co overlayer thickness, which will be discussed in detail below, are found to be the most

important factors when determining the Co-ZnO interactions.

The epitaxial growth structure, chemical state and thermal stability of Co on the nonpolar
Zn0O(1010) surface have been studied by Su et al*>*3. From STM results, they found that Co
formed a well-ordered CoOx (2 x 1) structure at low Co coverage (0.5 monolayer (ML)), while
with increasing Co coverage, the surface was converted to a stripe structure (at 0.7-1.0 ML)
and further to a cluster structure (at 3.0 ML coverage). It was proposed that the growth process

of Co on ZnO(1010) followed the 2D-to-3D transition. At the same time, the CoOx state was
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transformed to a Co metallic state as the thickness of deposited Co increased, which also
induced an upward band-bending due to the work function difference between Co and
ZnO(1010). Further studies of the thermal stability of Co on ZnO(1010) were carried out by
the same group.!? They found that thermally-induced structural changes were strongly
dependent on the Co coverage; a CoOx (2 x 1) structure was converted to a nanocluster
structure, 1.0 ML Co was transformed from striped structure to a rectangular wetting layer
structure, and a 3.0 ML thickness nanoclustered Co turned to rectangular islands and chains.
The chemical interaction between Co and ZnO(1010) during annealing was studied by XPS,

which showed that the 1.0 ML Co was maintained at the metallic state up to 800 K.

The Co interaction with the polar oxygen terminated ZnO(0001) surface was also
investigated by different groups. Law et al ** observed a chemical interaction between small
deposition amounts (0.1 nm) of Co and ZnO(0001) at room temperature, using synchrotron
radiation X-ray photoelectron spectroscopy, leading to partial oxidation of Co. This oxidation
of Co was attributed to the existence of OH groups on the ZnO(0001) surface, since the O-
terminated ZnO surface was found to react with residual H.O and H; even in UHV conditions®®
with formation of OH groups. The high annealing temperature (773 K) in UHV led to complete
oxidation of Co due to the migration of O ions from the interior of ZnO and/or to the
substitution of lattice Zn atoms by Co ions. The Co-ZnO(0001) interactions were also
investigated with high energy x-rays by Dumont et al*®. They were not able to observed the
oxidation of Co at room temperature, but Co was oxidized through UHV annealing, which was
consistent with the results of Law et al.!* Moreover, they have systematically studied the
thermal stability of Co as a function of the annealing temperature and proposed a model of Co
- ZnO(0001) interaction at various heating stages. As illustrated in Figure 1.1, until the
annealing temperature of 700 K, Co remained in the metallic state but in the nanometer scale,
the clusters coalesced. Above 700 K, Co started to be oxidized through Zn substitution, and
further diffused deeper into the bulk of ZnO(0001) at 970 K.

In the work mentioned above, the Co-ZnO(0001) (Zn-terminated) interactions were also
reported by Law and coworkers!* where they found similar chemical interaction between
Co0/Zn0(0001) and Co/ZnO(0001): Co was partially oxidized to Co®" and further oxidized after
UHV annealing on ZnO(0001), however, it was less oxidized when compared with Co on
ZnO(0001) under the same conditions. The UHV annealing induced Co oxidation on

ZnO(0001) was also proved by Hyman et al'’, where they reported that the oxidation of Co
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started at 700 K and the incorporation of Co into ZnO(0001) lattice occurred after 800 K. From
the XPS and AFM results, they proposed a layer-by-layer growth mode of Co on ZnO(0001)
at 300 K while Co agglomerated to large particles upon heating to 500 K and 700 K, but re-
spread when it was oxidized to CoO after 700 K.
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Figure 1.1 (a) Changes in the Zn 2p, O 1s, and Co 2p line intensities at the different stages of the experiment.
Zn 2p and O 1s signals are normalized with respect to their value on the bare ZnO surface. Co 2p is
normalized for 1 nm Co. (b) Model showing the various stages of the structural modifications during the
growth and annealing of the Co/ZnO(0001) system. Reproduced from [*€].

Table 1.1 gives an overview of the model system studies of Co-ZnO interaction. It is shown
that the Co-ZnO interactions strongly depend on the thickness of Co, the termination of ZnO
as well as the population of OH groups on the surface. Nevertheless, strong chemical
interactions of Co with different ZnO single crystals have been observed at room temperature

and/or after UHV annealing. Moreover, a higher annealing temperature (~800 K) always leads
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to the interdiffusion of Co into the ZnO lattice. The strong interactions between Co and ZnO
have been found to significantly influence the catalytic reactions. For example, JM Vohs’ group
has studied the reaction pathways for ethanol reforming on model Co/ZnO(0001) catalysts and
found that metallic Co was active for ethoxide decarbonylation, forming CO, H> and adsorbed
methyl groups. They found that a mixture of Co® and Co?* was active for converting ethoxide
groups to acetaldehyde (a critical intermediate to produce Hz and CO2) however, CoO was
largely unreactive in this reaction. Law and coworkers® investigated the temperature
programmed desorption (TPD) of ethanol on ZnO(0001) supported Co and CoNi catalysts.
During TPD experiments Co was oxidized, increasing the oxygen concentration on the
catalysts’ surface but by suppressing the overall activity. Due to the strong interactions between
Co and ZnO, the formation of unreducible Co species was also recorded in some real working
Co0-ZnO catalysts.1%2t

Table 1.1 Summary of Co interactions on ZnO surface

Co/ZnO systems Co thickness Interaction@RT Thermal stability Structure
Partial oxidation of o

Co0/Zn0O(0001) 4 0.1 nm c Further Oxidation of Co -

]

Layer growth,

. Oxidation at 700 K, <700K, agglomeration,

Co0/Zn0O(0001) ¥ 2 ML Metallic Co o
Interdiffusion at 850 K 700K-800K, re-spread,

>800K, diffusion into ZnO bulk

_ Partial oxidation of o
Co/Zn0(0001) 4 0.1 nm c Further Oxidation of Co -
0

<700K, agglomeration,
_ ] Oxidation of Co at 700 K,
Co/Zn0O(0001) 6 0.25-1 nm Metallic Co o 700K-850K, cover ZnO,
Interdiffusion at 850 K

>850K, diffusion into ZnO bulk

2D-t0-3D growth,
Partial oxidation of

_ Agglomeration, <600K, agglomeration
Co/Zn0O(1010) 1213 0.5-3 ML Co at low coverage o
Interdiffusion >600K, agglomeration and
(<1.5 nm)
diffusion

1.1.2.2 Coon SiO;

SiO2 is widely used as a catalyst support. CoSiO: catalysts have been used in many industrial
reactions, maybe the most important of them being the conversion of hydrogen and carbon
monoxide to liquid fuels, the so called Fischer-Tropsch synthesis (FTS). The interaction
between Co and SiO> is considered to be relatively weak, nevertheless formation of cobalt

silicates has been observed during preparation of the catalysts and in the course of the FTS

20



Chapter 1 Introduction

reaction.®22 The formation of cobalt silicate phase has been always considered as an unwanted
effect, since this compound is not active for the FTS reaction. Moreover, even less extended
Co-SiO: interfacial interaction is expected to influence the Co structure, its stability and
consequently the activity of the catalyst. A popular approach to get comprehensive insights
about Co-SiO; interaction is to develop and study model systems (usually refer to as model
catalysts). Since the band gap of bulk SiO is very large (~9.0 eV?3), it is difficult to employ
electron spectroscopies to study Co-SiO: interfaces with bulk SiO. crystals as substrates,
because of electron charging effects. Therefore, the studies of Co-SiO; interactions often
involve SiO2-films grown on single crystal Si or refractory metal substrates. The SiO> film
thickness, its surface properties and structures strongly affect the Co-SiO; interactions. The

details are discussed below.

Co model systems supported on thin layer SiO./Si have shown that Co can diffuse through
the thin SiO, layer towards the SiO2/Si interface and react with Si to form cobalt silicide.??°
Tung et al?* have found that after annealing of Co/SiO2 at 500-700 °C, Co diffused through the
thin (~0.5-1.5 nm) SiOx (x < 2) layer and grew uniform CoSi, compounds. Co was also reported
to penetrate a ~0.3 nm SiOx layer even at room temperature, followed by formation of a ternary
Co-0O-Si phase and then a Co-Si solid solution at the interface of SiOx-Si.?

Co interaction with the native SiO2 layer on n-type Si(111) wafer has been studied by Cechal
et al?®. The authors observed Co agglomeration followed by desorption from the SiO; surface
after annealing in UHV environment. By systematical studies of the Co thermal stability under
UHV conditions they addressed that Co (2 nm) formed smooth uniform layers on SiO2 at room
temperature and islands structure at 260-320 °C. Further annealing to temperature higher than
500 °C led to the desorption of Co from the SiO; surface, but contrary to the results in ref.[2427],
no diffusion of Co through the native SiO2 layer was found. Since it is believed that the
inerdiffusion is facilitated by defects in the SiO» layers, such as oxygen vacancies,
microchannels, microvoids or pinholes, they proposed that the stoichiometric native SiO> could

stand up as a diffusion barrier.

In SiO2 (10-30 nm, amorphous layer) supported Co, chemical interactions between Co and
SiO; through annealing in air were also found. 2’ Potoczna-Petru and coworkers? reported the
formation of cobalt oxide after high temperature annealing (1173 to 1273 K) of Co (1 nm) on
the SiO> surface, which also resulted in wetting and spreading of Co oxides on SiOa. For the
higher loading Co (4 nm) sample they observed the formation of two-dimensional cobalt
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orthosilicate (C0,SiO4) in the form of crystal flakes. An earlier study by Kondoh et al?® also
proposed the formation of C0,SiO4 phase after rapid thermal annealing (650-850 °C) of Co (20
nm) on SiOz (~150 nm) in air. Furthermore, it is believed that the presence of surface water
enhanced the formation of Co2SiO4 phase which can be explained by the suggested reaction

pathway: Co+0O — CoO and CoO + SiO, — Co,SiO, (or 2Co0 - SiO, ), where foreign O is

supplied by surface water. During annealing, the Co thin films agglomerated and formed Co

globules that penetrated into SiO».

On planar Co/SiO2/Si(100) model catalyst, formation of C02SiO4 was even observed at low
annealing temperature, which was attributed to the high pH condition during preparation.?® In
another work of the same group®, cobalt encapsulation by SiO, has been verified in the
spherical Co/SiO> model system by high-resolution transmission electron microscopy
(HRTEM). They prepared spherical Co/SiO2 model catalysts with different Co crystallite sizes
(4, 13, 28 nm) and found that Co with small crystallites (4 nm) was encapsulated by SiO. after
H> reduction at 500 °C. Encapsulation could prevent the oxidation of Co by H>O/He mixture
up to 400 °C. The authors also noted that encapsulation is not observed on samples with larger

Co crystallite sizes (13, 28 nm).

In summary, being an irreducible oxide, SiO2 is assumed to be relatively inert, however, in
certain conditions, Co-SiO- systems exhibit strong interactions. Typical chemical interactions
such as interdiffusion, alloy formation, redox reaction and encapsulation have been reported.
For working Co/SiO: catalysts, the SiO> structure (eg. pore size, surface area), the preparation
and pretreatment methods also strongly affect the Co-SiO; interactions and thus the Co redox
property, activity and stability. Therefore, in order to design Co/SiO2 with high activity and
stability, attention should be paid during preparation of catalysts and during catalytic reactions
to avoid undesirable Co-SiO> interactions.

1.1.2.3 Co on graphite

When carbon-based materials are used as substrates, metal particles are generally considered
to interact weakly with them. The weak interaction between metal-carbon plays a negative role
in stabilizing the active metal phase against the loss of surface area, while a positive role in
avoiding the formation of unreducible metal-support mixtures (such as metal silicide, metal
aluminate when SiO», Al>O3 are used as supports). Moreover, due to other advantages of carbon

materials, e.g. resistance to acidic or basic media, stabilization at high temperatures, they are
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more and more used as support materials in catalysts.3-* Carbon is capable to form many
allotropes, such as graphite, graphene, carbon nanotubes, diamond, amorphous carbon etc.,
which have shown to have quite distinct physical and chemical properties. Since in this thesis
we used exclusively planar substrates, only highly oriented pyrolytic graphite (HOPG) and

graphene were examined as Co particles substrates.

¢ pa @[y overbond »

Coadatoms
’

'
Co tétramer
* .

Figure 1.2 Atomic resolution STM image of Co adatoms adsorbed on HOPG. The bright spots encircled
and labeled as “Co adatoms” refer to individual Co adatoms that were adsorbed on the  site of the surface
graphene layer, whereas those encircled and labeled as “Co tetramer” correspond to a Co tetramer formed
by four Co adatoms. Three of these adatoms occupied the f sites and the fourth adatom attached to either

the a or the overbond site. The label H indicates the hollow site. From [*]

Since Co interacts weakly with graphite, one of the key issues in theoretical and
experimental studies of Co-graphite interaction is the binding sites where Co is attached on the
graphite substrate. After having calculated the adsorption energy of Co adatoms and dimers on
graphite, it was found that Co adatoms preferred the hole sites (centers of hexagon rings) while
the atoms in the dimers lied above a line through the centers of C-C bonds at opposite sides of
a ring. However, this result was not well-consistent with a recent STM study of Co on HOPG*?
where Wong et al. proposed that the Co adatoms preferentially adsorbed on the surface
graphene carbon sites (P sites) but not the hole sites (see Figure 1.2). The authors attributed the
evident discrepancies between theory and experiment to the difficulties associated with

correctly modeling VVan der Waals forces, and thus binding energies by using DFT.

The morphology of Co particles supported on graphite is another issue studied by many
groups, since it is significantly affected by the Co-graphite interaction. Due to the low surface
energy of graphite, metals deposited on its surfaces often form physisorbed three-dimensional
(3D) islands.>* A 3D growth mode of Co on graphite is a direct consequence of the weak

interaction between Co and graphite.®>3 Surface contamination or defect sites over graphite
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strongly affect these interactions. If the interaction is strong enough, Co adatoms can bind to
the graphite surface, reduce their surface diffusion and act as nucleation centers for Co
growth.®® Moreover, on highly contaminated graphite, adsorbed foreign carbon species but not
carbon atoms from graphite could act as the Co nucleation sites.3*% Apart from surface
diffusion, the intercalation of metal into graphite layers is another possibility of metal-graphite
interactions. Although some metals such as lanthanum®’, cesium® are already know as capable
of intercalating into graphite, the transition metals, including Co, have never been reported to
diffuse into the graphite subsurface.

1.1.2.4 Coon graphene

Graphene is a single atomic layer of graphite. It was not proved to exist in free-standing
state until first expholiated from graphite by Andre Geim and Kostya Novoselov,% who were
awarded the Nobel Prize in 2010 “for groundbreaking experiments regarding the two-
dimensional material graphene”. Graphene has many extraordinary properties, such as high
electron mobility, high thermal and mechanical stability etc., some of which exceed those
obtained in any other known material or reach the theoretically predicted limits.*> Since then,
graphene has been at the center of an ever-expanding research area.*>** An introduction of
graphene and its preparation methods will be given in section 1.2, while this part will be a brief
review of previous studies over Co-graphene interaction. Since Co is one of the metals used
for the growth of graphene by the CVD method, the graphene/Co interfaces are studied both
by theory and experiment. Thus, the Co-graphene interactions will be discussed in two parts:
graphene on Co and Co on graphene.

Graphene on cobalt

The lattice constant of the Co(0001) surface is very similar to the free-standing graphene
lattice (agraphene=2.46 A, aco=2.51 A), which opens up the possibility of growing stable epitaxial
layers without the formation of complex superstructure patterns. Thus, both theoretical and
experimental works have been performed to study the graphene interaction with Co(0001)
surface. By investigation with STM, a commensurate structure of graphene on Co(0001) has
been proved (see Figure 1.3).%? Due to the non-equivalence of adjacent carbon atoms in the
graphene layer with respect the underlying Co surface, only every second carbon atom in the
graphene’s unit cell can be observed in the STM image (Figure 1.3 a). Thus, one of the two

carbon atoms in the graphene is located on top of a Co atom, while the other carbon atom may
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be either at an hexagonal close packed hollow site (AB model) or at a face-centered cubic
hollow site (AC model) of the cobalt substrate. The experiments and DFT calculations could
not distinguish these two models, but they proved that AB and AC models are much more
stable than BC model. Scanning tunneling spectroscopy and DFT calculations indicate a strong
interaction of the graphene n-states with Co d-states. Other theoretical works also proved this
strong chemical interaction between graphene and Co.**** For comparison, Pt(111), which has
a very different lattice constant from graphene (3.92 A), was also tested as substrate for
graphene growth. Graphene on Pt(111) shows moirédomains because of the lattice mismatch.
The interaction between graphene and Pt(111) surface is very weak and the electronic structure

of graphene is nearly the same as that of a free standing graphene.*®

1 AB @ AC @ BC @

o OC @cCo1tiayer @Co2layer

Figure 1.3 (a) Small graphene island on Co(0001) with guidelines matched to the positions of the Co atoms.
Different color scales have been adopted for the substrate and the graphene layer. (b) Three structural
models for the registry of graphene on Co(0001). Reproduced from [*3].

A very recent work*® compared the long-term passivation of different metals covered with
single layer graphene, where the authors found that the interaction between graphene and the
substrates plays a critical role. The strong interaction between graphene and Co prevents the
intercalation of oxidizing species along their interface and thus suppresses the oxidation of Co
surface, while the weak interaction between graphene and Pt provides a pathway for the

intercalation of oxidizing species.
Cobalt on graphene

Apart from the application of grown graphene on Co, graphene supported Co materials have
also been applied to many different fields, such as catalysts,*”*® supercapacitor*® and sensors®,
which show high performance and potential applications. Fundamental studies help us to well
understand the Co-graphene interactions and direct the design of Co-graphene materials.
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Similarly to the studies on Co-graphite interactions, there are several theoretical works
focusing on the adsorption of metals on graphene.>>3 As shown in Figure 1.4, there are three
possible absorption sites on a single layer graphene: the hollow site at the center of an hexagon
(H), the bridge site above the C-C bond (B), and the top site right above a carbon atom (T).
However, most of the results indicate that on the graphene surface Co adatoms prefer to adsorb
on H-type sites.>52%* The interactions between Co adatoms and graphene are consistent with
covalent bonding, and the adsorption is characterized by strong hybridization between Co and
graphene electronic states.
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Figure 1.4 Possible adsorption sites of a single adatom onto single-layer graphene: hollow (H), bridge (B),
and top (T). Reproduced from[*!].

Co growth morphology has strong effect on the performance of Co-graphene materials.
Studies of Co morphology have been carried on graphene grown on Ru, Ir and SiC substrates.
In Figure 1.5, Liao et al®® showed that Co forms highly dispersed small 3D clusters on graphene
moiréon Ru(0001), which was also proved by Poon et al *® that observed the formation of 3D
dome-shaped clusters on epitaxial graphene/SiC(0001). The 3D growth mode of Co on
graphene is similar to that of Co on graphite, which is driven by the small surface energy of
graphene. However, with a pulsed laser deposition (PLD) method, Vo-Van et al*®® succeeded
in getting layer-by-layer grown Co up to ~1.5 nm on a graphene/Ir(111) surface. They believed
that it was due to the high instantaneous deposition rate of PLD which led to high nucleation
density of smaller clusters in the initial stages of the growth and forced the layer-by-layer
growth of Co.
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Figure 1.5 STM topographic images (200 nm <200 nm) after Co deposition of (a) 0.01, (b) 0.13, (c) 0.70,
and (d) 2.5 ML on graphene/Ru(0001) at room temperature. From [°].

As was metioned above, intercalation of Co into graphite has never been reported, however,
Co interacalates at the interface between graphene and its subsrate, as has been reported for
many supports and summarized in Table 1.2. It was found that the intercalation of Co into
graphene/Pt(111) could start even at room temperature and after intercalation the Co 3d states
strongly hybridized with graphene.>” When it comes to graphene/Ir(111), the intercalation of
Co was investigated under various temperatures. At low temperature (125 °C), Co
preferentially intercalates at regions where graphene has a strong curvature, such as across the
substrate step edges and areas with wrinkles. The strong bonding between Co and graphene
was also observed after Co intercalation into graphene/Ir(111).%°° Moreover, at a higher
annealing temperature (770 K), the intercalated Co can form alloy with the Ir underneath.
However, the mechanisms and dynamics of the intercalation processes are still not well
understood. One proposed mechanism is that the metal diffuses through the graphene defects
which are generated in the contact with the metal followed by the self-healing of graphene C-
C bonds.%® In addition to this mechanism, Sicot et al®! suggested that the main intercalation
path should be the diffusion through pre-existing lattice defects in graphene, such as vacancies

or pentagon-heptagon pairs, which reduce the required energy of trigger intercalaiton. Another
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mechanism proposed by Vlaic et al®? is that the intercalation path of Co is determined by the
strength of the graphene/Ir interaction. This can explain why the substrate step edges and
wrinkles are energetically more favorable for intercatalion. In the work of de Lima and
coworks,e it was proposed that all above mechanisms might occour during Co intercalation

under SiC epitaxial grown graphene.

Table 1.2 Summary of Co intercalation under graphene

Substrates Co thickness Intercalation Temperature Techniques
- 200°C STM®®
- Complete at 450 °C XPS64
Ir(111) Severl ML 580 - 880 K AES, LEEM 58
7 ML 570 K XPS, STM®
1ML 125°C LEEM®
Pt(111) - Startat RT STM,STSY
0.2 ML 523 K STM3*
Ru(0001)
- 800 K STME®
sic 1-3ML 650 °C STMS3

Annealing of graphene-supported Co not only provokes the intercalation of Co, but also the
reaction of Co with graphene. Leong et al® studied the annaling effects to metal-graphene
contacts and found a dissolution of carbon from graphene into the metal during annealing.
However, this occured only at the chemsorbed metal-graphene interfaces, such as the interfaces
between Ni and Co, but not at the physisorbed interfaces such as Au- and Pt-graphene
interfaces. In addition, defects or dangling bonds are required in the initial stage of the chemical
reaction, which can be found along the edges of the exfoliated graphene but rarely in the basal
plane. On CVD-grown graphene, due to the imperfect lattice and grain boundaries, defect sites
can be anywhere throughout the graphene layer. As shown in Figure 1.6, significant amount of
defects at the Ni-graphene contact area were introduced by annealing Ni-contacted CVD-
graphene at 300 °C, while the as transferred graphene was still in high quality (another example
of Co/graphene can be found in the supporting information of Ref.%¢). Low temperature induced
chemical reaction (at 100 °C) and the formation of nikel carbide at the interface of deposited
Ni and graphene/Ni(111) have been also reported. Chemical reaction could even take place
between graphene and deposited metals such as Ti®"® Pd®’, Cr® at room temperature,

although similar reaction was not observed after Co deposition.®® The reason may be due to the
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different conditions or graphene qualities

should be considered.

used in different works, however, further studies
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Figure 1.6 Investigation of the annealing effect on Ni-contacted monolayer CVD-grown graphene. (a)

Schematic of the sample after annealing, showing several Ni bars deposited on the CVD graphene on a p*
Si/SiO2 substrate. Inset: Optical image of a Ni bar (1 mm wide, 100 nm thick) after 1 h of 300 <C annealing.
(b) Schematic of the sample after Ni removal by acid, showing the CVD graphene on a p* Si/SiO2 substrate
with some residual nickel-carbon compound. Inset: Optical image of the marked region. (¢) Raman spectra
of the CVD graphene sample taken at different positions as indicated. (d) D-peak intensity counts summed
over 3600 spectra for four different types of sample as indicated. From [®].

1.2 Modification of Co-support interaction

It is generally accepted that a strong interaction between metal and its support increases the
dispersion and leads to the formation of relatively small metal crystallites. In case of catalytic
applications, this provides high active surface area, however, can hinder the reducibility of the
metal. It is also possible to result in redox reactions at the metal-support interface,
encapsulation of the metal by the support and/or the interdiffusion of the metal into the support.
In contrast, weak metal-support interactions are likely to prevent interface redox reactions and

encapsulation etc., leading to better metal reducibility, but common drawbacks are lower metal
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dispersion and severe sintering upon annealing. Therefore, optimizing the metal-support
interaction is a crucial issue towards catalysts’ design. The metal-support interaction could be
determined by the preparation methods, the modifier and the reaction conditions. In this
section, modification of Co-support interactions with modifier will be discussed. As it is
generally known, the final target of modifying a catalyst is to obtain high activity, selectivity
and stability and in that case, each promoter has a specific function for each catalyst and
reaction. Thus, the discussion of the modification of Co-support interactions should be based
on the specific support and reaction.

1.2.1 Modification of Co-ZnO interactions in steam reforming of ethanol
1.2.1.1 Modification by metals

The role of various oxidation states of cobalt (i.e. metallic Co and Co?*) in steam reforming
of ethanol reaction (SRE) has always been a matter of scientific debate. The reaction pathways
for ethanol on different model catalysts, including Co/ZnO(0001),'” Co/YSZ(100),”° and
Co/Ce0,/YSZ(100)"! have been studied by Vohs’s group and they proposed that both metallic
Co and Co?* were active phases for this reaction. However, other works on the SRE under
realistic reaction conditions and by controlling the ratio Co and Co?* in catalysts showed that
metallic Co was more active than Co?*. Although the debate about the role of Co?* in SRE
reaction is far from being closed, it is generally accepted that a high Co?" ratio is detrimental
for SRE reaction, since Vohs et al'’ also found that ZnO supported CoO was not active. Thus,

high metallic Co ratio is critical for the reaction to proceed.

One strategy for catalyst development consists of the modification of supported Co by
adding another metal to form bimetallic crystallites. Bimetallic catalysts often show chemical
and electronic properties that are distinct from those of their original metals and offer the
opportunity to obtain new catalysts with enhanced selectivity, activity, and stability. Law et
al**18 studied ZnO supported Co and NiCo under UHV, Oz and ethanol conditions and reported
the effect of Ni to Co/ZnO model systems under such conditions. According to their results,
under UHV annealing condition, the oxidation of Co by ZnO was hampered by Ni addition to
Co-ZnO due to the Ni-Co synergetic effects, while after annealing in 1 < 107 mbar of Oy,
segregation of Co over Ni was observed. The reaction pathway of ethanol was also modified
since Ni favors production of methane and cobalt that of acetaldehyde. Homs et al” studied Cu
and Ni promoted Co(Na)ZnO catalysts, by HRTEM and they observed the Coz-xMxO4 mixed
oxide particles (M = Ni, Cu) after calcination of the catalysts and CoM alloy after SRE.
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Addiction of Ni to Co/ZnO improved both the production of hydrogen at low temperature and
catalyst stability. The alloy formation was also proved by Llorca and coworkers,”" that
observed the CoFe, CoNi, CoCr, CoCu and CoMn alloys using HRTEM and moreover, they
found that the catalysts promoted with Fe, Cr and Mn exhibited a rapid and higher degree of

redox exchange between oxidized and reduced Co.

Noble metals, such as Ru,”® Rh,” Ir,”>"® Pd”™ and Pt’’, have also been applied to CoZnO
catalysts, but due to their high price, they were added at small amounts as promoters. With the
small amount of noble metals, Co oxides are easier to be reduced due to the well-known
spillover effect. The mechanism is that noble metals can be easily reduced to the metallic state
at much lower temperature than cobalt oxides. Afterwards, hydrogen can be dissociated and
activated by the noble metal and in turn, spillover and accelerate the reduction of cobalt oxides.

Besides, small amounts of ZnO can also be reduced through the hydrogen spillover effect.”

1.2.1.2 Modification by oxides

Oxides are also considered to be potential modifiers for CoZnO catalysts. Al2O3 has been
used as modifier from low (~ 5wt.%)® to high (> 20 wt.%) loadings.”®-8! At high Al,Og ratios,
spinel phase ZnAl,04 and CoAl.Os were always present on the catalysts,”*! while at low
ratios, these phases were not easily distinguished from Co0304.”® CoAl2O4 could be only
partially reduced under the reaction conditions, since its reduction always requires high
temperatures (> 700 °C).& Figure 1.7 gives the evidence that highly stable ZnAl,O4 phase
forms on the catalysts after calcination, reduction and reaction.®® According to Kraleva et al’®,
although the reducibility of metal decreased due to the strong metal-support interactions, the
catalytic performance in the partial oxidation of ethanol reaction still improved because the

obtained metal active sites were in high quality and stable on the ZnAl,O4 phase.

Alkalis can be also used to promote CoZnO catalysts. Both K& and Na”® have been already
employed as promoters in CoZnO catalysts at a low loading. However, differently from Al.>O3,
alkali-metal oxides do not significantly modify the crystal structure of CoZnO catalysts. The
reduction properties of Co were found to be more dependent on the catalysts’ preparation
method rather than the presence of K (up to 2 wt.%).82 In particular, by using a co-precipitation
synthesis method, K promoted the reduction to lower temperature, while through citrate
method the reduction temperature was not modified by K, possibly due to the incorporation of
K into the bulk of the support. For the SRE activity, K had a significant influence on the
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catalytic efficiency and acted as a promoter to improve the catalyst stability through inhibiting
coke deposition. Similarly as K, addition of 1 wt.% Na to CoZnO also showed higher catalytic
activity with respect to the bare CoZnO catalyst, but the microstructure was virtually identical
to CoZnO, probably because of the atomically dispersion and the lack of incorporation of Na

into the cobalt structure. 7

Intensity (a.u)

20 30 40 50 60 70 80 90

Figure 1.7 XRD patterns of CoZnAl (9 wt.% of Co) catalysts: (a) fresh; (b) reduced; (c) after being used at
500 °C; (d) after being used at 600 °C. *%*: ZnAl:O4, ®:Zn0O, ¢:CoAl.04, ®:Co°. From [*].

1.2.2 Modification of Co-SiOz interactions in Fischer-Tropsch synthesis
1.2.2.1 Modification by noble metals

Noble metals, such as Pt,2385 Pd,% Ru,338087 R84 etc., have been found to have significant
effect on the structure and catalytic performance of Co-SiO> catalysts in FT synthesis. As has
been discussed in 1.1.2.2, at high annealing temperature, the redox reaction between Co and
SiO2 may take place with formation cobalt silicate, which is hardly to be reduced to the active
metallic Co.® In this case, addition of noble metals (e.g. Ru) to SiO, (MCM-41 and SBA-15
type) supported Co catalysts, could help the formation of reducible phase (C030s) instead of
the barely reducible phase (cobalt silicate) in the calcined catalyst precursors.268” The typical
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XPS results of ref. [®¢] are shown in Figure 1.8, where monometallic Co catalysts (Co/SBA-15
and Co/MCM-41) show Co 2p3/; peaks at 781.5 and 781.8 eV with obvious shake-up satellite
peaks, indicating the presence of the Co?* state in these catalysts. The Co?" peak was attributed
to the formation of amorphous cobalt silicate species due to the strong interaction of Co species
with the SiO2 support. For the samples modified with Ru (CoRu/SBA-15 and CORu/MCM-41),
the binding energies of Co2pas2 peaks at 780.0 and 780.5 eV and the accompanied small satellite
peaks, indicate formation of Co304 species. Thus, addition of only 0.3 wt.% Ru decreases the

cobalt-silica interaction and results in the formation of the reducible Co3O4 phase.
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Figure 1.8 XPS spectra of monometallic and Ru- promoted cobalt catalysts supported by MCM-41 (pore
size 3.4 nm) and SBA-15 silicas (pore size 4.4 nm). The catalysts contained 10 wt.2%6Co and 0.3 wt.% Ru in
the promoted catalysts. From [*7].

Since metallic Co is the active phase in FT synthesis, a pre-reduction treatment is always
needed to reduce the calcined catalysts to the metallic state and the noble metals are able to
effectively decrease the reduction temperature of cobalt oxide to metallic Co in H.. For
example, metals such as Pt,% Ru,%38° 18 have been reported to promote the reduction of Co at
lower temperature, as mentioned in the previous section, due to the spillover effect. In this case,
the lower reduction temperature limits the possibility of cobalt silicate formation. Intermix of
cobalt with noble metals can induce formation of cobalt-noble metal bimetallic particles,?%
which can modify the geometric and/or electronic effect of Co-SiO> interactions. Besides,

noble metals are commonly reported to decrease the crystallite size and increase the dispersion
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of Co, however, smaller Co crystallites are easier to be re-oxidized and cause deactivation

under FT synthesis conditions.®* 2

1.2.2.2 Modification by oxides

Oxides, such as ZrO2,%%* La,03,%% Ce02,%% Mn0*%" and K,0,% have also been employed
as FT synthesis promoters for modification of the catalyst texture, Co reducibility, Co
dispersion and catalytic performance. For example, ZrO, was reported to be able to form a
protecting layer to prevent the strong interaction and chemical reaction between Co and SiO>
during FT synthesis.®® Addition of small amount of La®>" (La/Co < 0.2) moderates the strong
Co-SiO interactions and improves the Co reducibility.’® However, with high La®*" loadings
(La/Co > 0.5), the formation of hardly reducible La-Co and Co-Si mixed oxides was observed,
because of the higher pH of the impregnating solution. MnO has also been reported to increase
the Co reducibility by Tan et al*®?, but a possible cause of this effect (besides the formation of
a protection layer) could be that Mn can scavenge the oxygen present at the Co/SiO: interface
allowing Co to remain in the metallic state.

In contrast to noble metals, the modification of Co-SiO- interaction by oxides does not
always allow lower Co reduction temperatures. Addition of both Ce and K oxides have been
observed to hinder the reduction of Co%%, which, on the other side, has a negative effect on

the catalytic activity in FT synthesis.

1.2.3 Modification of Co-Carbon interactions in Fischer-Tropsch synthesis

Carbon materials, such as carbon nanofibers, carbon nanotubes (CNT) and graphene, have
drawn considerable attention in catalysis, and these materials with various bonding states and
morphologies have been applied in both SRE and FTS. As supports, they have lots of prominent
advantages, including high thermal and electrical conductivity, high specific area, resistance to
acidic and alkali media and high stability under reaction conditions. However, the surfaces of
sp? carbons are graphitic, unreactive and hydrophobic, thus they do not offer anchor sites to
stabilize the metal particles. As mentioned in 1.1.2.3, Co clusters are physisorbed on the
graphite basal planes and only defect and admixture sites strongly interact with Co. Therefore,
when carbon materials are used as support for metal nanoparticles, modification of the carbon
surface in order to create defects or generate functional groups is required. In this way, the
metal nanoparticles could be anchored and stabilized on the carbon surface through strong

interactions. Figure 1.9(a) shows a collection of various types of defect sites (heteroatom
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doping) on a carbon surface, while Figure 1.9(b) is a brief introduction of different types of
functional groups that could be generated on a carbon surface by chemical methods.'% Upon

all these defects and functional groups, the metal-carbon interactions can be tuned.

Acid treatment is one of the simplest ways to modify the carbon surface. In general, with
HNOg treatment, the caps of closed CNT tubes were opened and the nanotubes were broken to
shorter ones. In parallel a lot of defects and functional groups were introduced on the CNT
surface. Thus, small Co particles were formed and stabilized on the surface or entered into the
nanotubes, which in turn led to high FTS rate.1% More recently, not only the liquid phase
HNOj3, but also the gas phase HNO3 was applied to oxidize CNT.1% In that work, the catalysts
supported on oxidized CNT showed higher stability in FTS, possibly due to the stronger
anchoring of the Co nanoparticles to the CNT surface. However, higher activity was found on
the catalyst with unmodified CNT as support and it was attributed to the existence of hcp phase
Co in this catalyst.
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Figure 1.9 (a) Schematic models representing different types of defects and heteroatom dopings on a carbon
surface. (b) Schematic models of functional groups on the surface of a nanocarbon. Carbon: gray, nitrogen:
blue, oxygen: red, sulfur: dark yellow, hydrogen: white. Reproduced from [%°2].

Besides HNOg, there are also some other oxidants used to introduce functional groups on
CNT, such as H202 + O3, NH3 and NH3 H20 + H20; etc. Davari et al'® applied these methods
on CNT and the modified CNT was used for supporting Co as FTS catalysts. The authors
confirmed that different treatments induced the formation of different functional groups on the
support; C=0 and carbonyl groups were found in the samples treated with H>O2 + Oz and NH3
while additionally C-N and N-H were observed for CNT treated by NH3 H.O + H>O,. They

further proved that Co supported on all these three kinds of CNT had stronger metal-carbon

35



Chapter 1 Introduction

interactions and showed better dispersion, lower reduction temperature and consequently better
FTS activity.

Nitrogen doping is another important method to modify carbon materials, being an effective
way to tailor the properties of carbon materials and rendering their potential use for various
applications.1% Nitrogen doped mesoporous carbon (NMC) has been tested for FTS where the
doped nitrogen, especially sp?-type, was proved to act as the heterogeneous site for the
nucleation and growth of cobalt species.’®” These nitrogen sites strongly interact with Co
nanoparticles, leading to electron transfer from the NMC to CoO particles and also resulting in
high dispersion of Co over NMC. During the evaluation of FTS, the product selectivity was
observed to shift toward light hydrocarbons due to the formation of small cobalt particles on

the N-doped supports.

Graphene has recently attracted intensive attention due to its unique physicochemical
properties. It has also several genuine advantages over other carbon allotropes for developing
new catalysts (details see Section 1.3). The structure, morphology as well as the quality of
graphene materials are significantly influenced by the preparation methods, thus the metal-
graphene interactions are mainly determined by the preparation and modification method of
graphene. Similarly as for CNTSs, graphene can also be modified by HNOs, however, more
defects and functional groups are being formed as compared with CNT treated under the same
conditions.1%®1% The defects can act as anchoring sites for Co nanoparticles and lead to higher
dispersion, smaller particle size, lower reduction temperature and consequently, higher FTS
activity and stability.1%®1% Graphene prepared with other methods have also been applied for
FTS catalysts with iron acting as the active metal and the interaction between Fe and graphene
was reported to be comparable to Co-graphene. Sun et al*'° developed an one-pot hydrothermal
synthetic strategy for preparation of metals (Fe, Co, Ni) supported on reduced graphene from
graphene oxide and a two-step method was also applied for comparison, see Figure 1.10. They
found that after reduction at 723 K for 16 h, Fe on rGO remained highly dispersed showing
high activity, selectivity and stability during FTS reaction. They demonstrated that the Fe
nanoparticles were anchored by the high amount of defect sites on rGO at elevated
temperatures and the FTS activity was strongly influenced by the nature of the carbon support.
There are some other studies of Fe on GO by different methods; among them, EI-Shall and
coworkers!!! tried the microwave assistant method and other modifiers, such as K and Mn.
They found that the defects on graphene acted as favorable nucleation sites for Fe

nanoparticles, enhanced Fe-C interaction and improved the formation of an active iron carbide
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phase (FesC>), and at the same time, all studied catalysts gave high activity, selectivity and
stability in FTS.

GO One-pot hydrothermal Fe—rGO
treatment

(1) Hydrazine
hydrate
reduction

(2) Hydrothermal
treatment Fe/lp-rGO

Figure 1.10 Hlustration of the one-pot hydrothermal synthetic strategy for the preparation of the Fe—-rGO
nanohybrid from graphene oxide and Fe(acac)s (marked with black arrow). For comparison, the two-step
approach for the fabrication of the Fe/p-rGO hybrid material is also illustrated (marked with gray arrows).
Reproduced from [*7].

As shown above, modification of cobalt-supported catalysts influences a number of catalyst
properties and their performance. Noble metals and oxides are the most commonly used
promoters for ZnO and SiO- supported Co catalysts. The presence of noble metals improves
the reducibility and dispersion of Co, and at the same time, it provides new active sites.
However, promotion with noble metals significantly increases the cost of the catalysts. When
oxides are applied as modifiers, the catalyst properties varies with the different type of oxides,
sometimes accompanied with negative effects, such as the increase of the reduction
temperature of Co, formation of hardly reduced Co-oxides solid solutions etc. Although carbon
based materials interact with Co weakly, modification with defects and functional groups can
stabilize Co and improve the catalytic performance. Among all carbon materials, graphene,
being a new type of carbon allotropes, has attracted intensive attention, since not only it has
intrinsic catalytic properties, but it can also improve the performance of other catalysts by
forming functional composites. The application of graphene is mainly determined by the

preparation methods and its quality, which will be discussed in detail below.
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1.3 Graphene
1.3.1 General introduction of graphene

Graphene is a monolayer of carbon atoms tightly packed in a hexagonal lattice. It is the
conceptual building block for graphitic materials, from zero-dimension (0D) fullerenes, to one-
dimension (1D) carbon nanotubes, to three-dimension (3D) graphite (Figure 1.11). More than
70 years ago, graphene was theoretically predicted to be unstable and could not exist because
two-dimensional (2D) crystal were thermodynamically unstable at finite temperature 112113
Nevertheless, graphene and other 2D crystals were proved to exist on substrates or on graphite
tightly bound to another solid surface, as an integral part of larger 3D structures.**!1> However,
graphene was presumed not to exist in the free state and was believed unstable with respect to
the formation of curved structures such as soot, fullerenes and nanotubes.** Suddenly, in 2004,
Andre Geim and Kostya Novoselov at Manchester University first isolated single-layer
graphene from graphite*® and turned free-standing graphene into reality'!®. This led to an
explosion of interest in the academic and industrial community on graphene and graphene-

based materials.

The simple “scotch-tape technique” *° for exfoliating graphene is one of the reasons that
graphene research progressed so fast since it enables the researchers to obtain high-quality
graphene by a relatively easy and cheap method. The very first experiments were carried out
on these mechanically exfoliated graphene flakes and focus on their electronic
properties.®®1"118 The extremely high carrier mobility and an ambipolar field-effect in
graphene which have been theoretically predicted for a long time were proved by Novoselov
et al®® after they exfoliated graphene. Later, the quantum Hall effect in graphene was observed
by Geim’s group and simultaneously by Kim’s group.}'”!!® These extremely promising
electronic properties of graphene attracted great research interest. In a short period, many other
properties of graphene were measured and found to be superior than other materials, with some
of them even reaching the theoretically predicted limits.*® The intrinsic electron mobility (j)
of graphene at room temperature was proved to be ~2 x 10° cm?/VS, higher than that of any
other known material.**!2° The mobility p of ultraclean suspended graphene can be as high as
250,000 cm?/Vs at low temperature and 120,000 cm?/Vs at 240 K 1?1122 Besides, graphene was
also proved to be the strongest material ever measured, with a Young’s modulus of 1 TPa and
intrinsic strength of 130 GPa.!?® What’s more, the thermal conductivity of graphene is

extraordinarily high at room temperature (its value can be up to 5000 WmK-1)'2* and graphene
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can sustain extremely high densities of electric current (5 x 108 A/cm?, about a million times

higher than copper).*%?® Finally, even if it is one atom layer thick, graphene is completely
126

impermeable to any gas.

Figure 1.11 Graphene is a 2D building material for carbon materials of all other dimensionalities. From
[*].

The superior properties of graphene make it a “miracle material”, which is expected to find
application to several important fields in the near future. The most exciting potential
application of graphene should be in graphene-based electronics. This is not only due to the
extraordinary electronic properties of graphene, but also because the Si-based technology is
approaching its fundamental limits. The commercial application of graphene as integrated logic
circuit seems not to be possible in the next few years since graphene is a conductor but not
semiconductor. However, the bandgap engineering in graphene is underway, with the
fabrication of graphene nanoribbons,'?’~*2 inducing bandgap on bilayer graphene!®3! and
various modifications by chemical methods®*?1®, Graphene also meets the requirements of
flexible electronics, such as touch screens, e-paper and organic light-emitting diodes (OLEDs)
owing to its low sheet resistance and excellent transmittance.'**!35 Graphene has also been
considered for fabrication of high-frequency transistors.**¢1%® The potential application field
of graphene goes far beyond electronics and it can be used in almost all the applications that
CNT have been utilized and more applications are explored in diverge technology areas based
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on its characteristic properties (such as 2D structure, transparent et al.). Those areas include
graphene based photonics (photodetectors, optical modulators, mode-locked lasers et al),
sensors, composite materials, paints, coating, energy storage, catalysts and even bio-

applications, 40139140

Referring to its application in catalysis, graphene have already been explored as catalytically

141

active centers,**! supporting materials*’ or one catalyst components for improving catalysts’

performance!#?

. As mentioned above, graphene has several superior and unique properties
which endow it with high potential in catalysis. For example, the one-atom thick planar sheet
structure of graphene provides it with an extraordinarily large specific surface area
(theoretically 2630 m?g™! for a single layer'*®) for loading catalysts. The high conductivity of
graphene sheets facilitates the electron transfer for more effective electrocatalysts. The optical
transparency and the high electron mobility of graphene make it attractive for new
photocatalysts. Other properties, such as high chemical, thermal, optical and electrochemical
stability, allow graphene to improve the catalytic stability. To achieve high performance
graphene-based catalysts, tailored graphene properties are essential. At the same time, scale up
production of graphene is also important for industrial applications. In recent years, various
methods have been tried to produce graphene of high quality and/or large scale; the most widely

studied methods will be shown below.

1.3.2 Synthesis of Graphene

The quality of graphene is strongly dependent on the preparation method. Some of the
superior properties of graphene have been achieved only for high-quality samples (exfoliated
graphene)!'® and graphene on special substrates like hexagonal boron nitride!*41%®. For
example, the charge mobility of ultraclean suspended graphene can reach 250,000 cm?/Vs!t®
while reduced graphene monolayers exhibit a mobility of only 2~200 cm?/Vs!46147 due to the
high defect density comparing with the exfoliated graphene. However, for catalytic
applications, defects and functional groups on graphene are important and imperative for
improved performance.*” On the other hand, although the micromechanical cleavage is an
effective and reliable method to produce high quality graphene, production yields are extremely
low (a few graphene monolayers per mm? of substrate area),'“¢ which significantly limits the
application of this method to several technologies. In the last few years, a number of different
methods have been used and developed to prepare graphene of various qualities, layers, shape

and even dimensions. Here some of the methods which are commonly used are briefly
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introduced; more details and methods can be found in the literature®®13%140 and references

therein.

1.3.2.1 Mechanical exfoliation

This technique involves peeling highly ordered pyrolytic graphite (HOPG) using a scotch
tape. Since the first time reported by Geim and coworkers®, it has been considered to be the
most effective and reliable method to produce high quality graphene. However, this method is
time consuming and produces only randomly placed graphene sheets. The thickness, size and
shape of the graphene layer are largely uncontrollable. Thus this method gives a high quality
graphene, but due to the above limitations it is most commonly used in the laboratory for
fundamental studies of graphene properties. The industrial application of this method is limited

by its low production.

1.3.2.2 Chemical exfoliation

Liquid phase exfoliation of graphite is one of the routes to scale up the production of
graphene.}*®149 It is based on exposing graphite to a solvent with surface energy that matches
that of graphene. With the help of ultrasounds, graphite breaks up into smaller pieces and the
exfoliation occurs more easily. Hernandez et al**® used N-methyl-pyrrolidone as the solvent
and graphite was almost completely exfoliated to a few layer graphite (< 5 layers), with high
yield, unoxidized monolayer graphene of ~1 wt%. With further sediment recycling treatments,
the yield reached up to 12 wt% of the starting graphite mass. Aqueous solutions with
surfactants can also be applied as exfoliation solvents. Lotya et al *° reported a liquid
exfoliation method with water-surfactant (sodium dodecylbenzene sulfonate) as the solvent
used to exfoliate graphite, which resulted at more than 40 % of the graphene flakes with < 5

layers and ~3 % consisting of monolayers.

Another related method is the exfoliation of graphite oxide. The graphite oxides are obtained
from the oxidation of graphite by strong acids and oxidants through either Brodie,>°
Staudenmaier,’®* Hummers method,*? or some modification of these methods. With the
oxygen containing groups, graphite oxide, consisting of a layered structure of ‘graphene oxide’,
becomes strongly hydrophilic, which results in the intercalation of water molecules between
the layers.?>® The obtained graphene oxide is electrically insulating due to the oxygen
containing groups, so a necessary and important step is to reduce it back to the graphene state
by either thermal or chemical methods.

41



Chapter 1 Introduction

The quality of the graphene derived from chemical exfoliation cannot be as high as that from
the mechanical exfoliation method due to the higher density of defects and the residues of
surfactant. The resulting graphene flakes may also contain various layers of graphene with
uncontrollable shapes. Even so, this kind of graphene can still preserve many properties of the
high quality single-layer graphene and can be used in numerous application fields, such as in
catalysis, composition materials and coatings. Importantly, these methods are scalable making

possible the industrial production of graphene.'®*

1.3.2.3 Chemical vapor deposition

Chemical vapor deposition (CVD) has been widely used to grow large-area uniform
polycrystalline graphene films.*> The growth mechanism of graphene using the CVD method
is based on the decomposition and the diffusion of the carbon source molecule (such as
hydrocarbons) into the metal at high temperature and the segregation of carbon from the sub-
surface to the surface of the metal upon the cool down step, since the carbon solubility
decreases at low temperature. A variety of transition metals (Ru,*® Ir,'>7 Co,%® Rh, > Nj,160.161
Pt,162 pd,163 Cu,161.164165 Ay166) and alloys (Cu-Ni,'®"*% Au-Ni,'®° Ni-Mo'"®) can be used for
graphene growth. Among them, Cu and Ni are the two major substrates for CVD-grown
graphene,*12 nevertheless, the graphene growth mechanisms on them are different. Due to
the high solubility of carbon in Ni, graphene growth via segregation process is more difficult
to control and in this case it forms non-uniform graphene with a thickness distribution of one
to a few layers. Graphene growth on Cu is thought to be the surface catalyzed mechanism
which results in uniform monolayer graphene.!”® Graphene sheet of as large as 30 inches has

been reported through CVD method over Cu foil substrates.64

For a number of applications, CVD graphene needs to be transferred from the metal surface
to a dielectric surface or other substrate of interest such as plastic foils, glass or SiO2/Si.
Recently, various methods have been used to transfer the as-grown graphene from metallic
surfaces onto desired substrates.!64174-176 The commonly used process is first to deposit and
cure poly(methylmethacrylate) (PMMA) on the graphene surface and then to chemically etch
the metal away to obtain free floating PMMA and graphene, which can be transferred onto the
desired substrates. Besides of this method, a state-of-the-art roll-to-roll method was applied to

transfer a 30 inches graphene from Cu substrate.'%*

On the other hand, new CVVD methods (plasma-enhanced CVD, metal free CVD) have been

developed to synthesize graphene with arbitrary substrates (SiC,'"7 SiO,,'"® sapphire!™®) or
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without substrates!®°

, Where the complex and expensive transfer step is avoided. However, in
order to get high quality graphene with the metal free method, much higher temperature is
necessary for cracking the carbon source (such as methane) without the metal catalysis.*’"17
The plasma enhanced CVD enables the growth of graphene at low temperature which can
improve compatibility with modern microelectronic technologies and allow significant energy
saving. However, challenges still need to be overcome, like the quality of graphene which is
not comparable with that of CVD or exfoliated graphene, and the number of graphene layers

which is not well controllable.

To date, CVD graphene films have demonstrated excellent properties: sheet resistances as
low as ~125 Q cm %(ref 1%%), 97.4 % optical transmittance'® and a carrier mobility as high as
8800 cm?/V/-1s(ref 181). Although these values are still far from those obtained from exfoliated
single layer graphene, they are nevertheless useful for applications such as flexible and
transparent electrodes for solar cells, liquid crystal displays and various high-frequency

electronic and optoelectronic devices.®?

1.3.2.4 Epitaxial growth on silicon carbide

Graphene growth on silicon carbide (SiC) is an alternative preparation technology. The
considerable advantage of epitaxial growth over SiC is that insulating SiC substrates do not
shunt the current flow in graphene and can be directly applied for electronic devices or
components without a transferring step. Under high temperature vacuum annealing conditions,
the decomposition of surface SiC is followed by preferential sublimation of Si atoms and
subsequent graphitization of the remaining surface carbon atoms.'* Generally, high
temperature (above 1000 °C) and ultra-high vacuum conditions are used to grow graphene on
hexagonal phase silicon carbide (4H-SiC or 6H-SiC).*838 High quality graphene has been
obtained from both SiC polar faces i.e. hexagonal SiC, SiC(0001) Si-terminated face (Si-face)
and SiC(0001) C-terminated face (C-face). However, different epitaxial growth patterns have
been observed on different polar faces. On the Si-face, graphene grows in a well-defined
orientation, it exhibits regular Bernal stacking, while on C-face, rotational graphene stacking
has been observed.’®® This is because of the formation of different interface structures
between graphene and bulk SiC during annealing: a well-ordered (6V3 x 6Y3)R30° phase forms
between Si-face and graphene while 2 <2 and 3 x 3 structures form on C-face SiC.8" The
weak interaction between graphene on C-face and the interface preserves the properties of the

graphene like a single layer sheet, which leads to a higher mobility of C-face graphene
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compared to Si-face graphene.8%8 On the other hand, the single orientated interface structure
on Si-face can act as a template for graphene growth and leads to the control of graphene

thickness on Si-face easier than on C-face.'®

Despite the advantages of this method, the high cost of SiC wafers and the high temperature
of the growth conditions are the major drawbacks. Thin layer SiC on Si is considered as a
cheaper alternative to SiC wafers and has been tested as the substrate for graphene growth, but
further improvement of this method is required.*®1% There are also several other methods that
have been applied to decrease the graphene growth temperature, for example, nickel
assistant,’®* continuous electron beam irradiation'®? or fluorocarbon plasma pre-etching.!*
However, most of them complex the preparation and add extra cost to the production. What’s
more, the control of graphene layers thickness in the production of larger area graphene and

the unintentional doping from the substrate and buffer layers are still areas to be explored.

1.3.2.5 Other methods

A number of other methods have also been used to synthesize graphene, resulting in
graphene with different quality and morphologies. Although their readiness level is still not
compatible with the methods mentioned above, they have some certain advantages and might
open new routes in graphene synthesis. Total synthesis is an exciting way to create high quality
graphene nanoribbons (GNRs) with complex structures.!®#1% Starting from precursor
monomers with different structures, the final GNRs show different topologies, width and edge
peripheries, which can be designed with atomic precission.'* However, the main deficiency is
the production of only limited quantities of surface-bound GNRs.%® More recently, long liquid-
phase-processable GNRs (> 200 nm) with a well-defined structure were synthesized in
solution, a method that can be adapted to prepare GNRs in bulk quantities.'®” Unzipping of
carbon nanotubes is another method to get GNRs on a large scale, %% however, the high price
of carbon nanotubes should be considered here. Graphene has been also produced under some
special conditions such as flame,?%-2%2 continuous wave laser?®® and pulsed laser,?** which are

either expensive or not able to produce high quality graphene.

1.3.2.6 Graphene used in this thesis

The specific aim of this work is to study the effect of graphene to the metal-support
interaction, notably using “standard” oxide substrates largely employed in catalysis. In order

to achieve this, graphene should be in high quality, with the less defects and less functional
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groups possible. As shown in Table 1.3 and in Figure 1.12, graphene produced by mechanical

exfoliation, CVD and SiC method can meet these requirements. Since graphene will be

transferred onto different oxide surface and the main characterization method is XPS, only

CVD graphene which could be synthesized in a large scale and is easy to be transferred on
substrates is used in this study.

Table 1.3 Properties of graphene obtained by different methods. From[*°].

Charge carrier

Crystallite . . . L
Method ize (mm) Sample size (mm) mobility (at ambient Applications
size (mm
temperature) (cm?/Vs)
Mechanical >2 x 10° and >10% at
o >1,000 >1 Research
exfoliation low temperature
) o Coatings, paint/ink, composites, transparent
Chemical Infinite as a layer of 100 (for a layer of )
o <0.1 ) ) conductive layers, energy storage,
exfoliation overlapping flakes overlapping flakes) . o
bioapplications
Chemical . Coatings, paint/ink, composites, transparent
o ) Infinite as a layer of 1 (for a layer of )
exfoliation via ~100 . . conductive layers, energy storage,
) overlapping flakes overlapping flakes) . o
graphene oxide bioapplications
Photonics, nanoelectronics, transparent
CVD 1,000 ~1,000 10,000 . . .
conductive layers, sensors, bioapplications
) High-frequency transistors and other
SiC 50 100 10,000 ) .
electronic devices
A
Mechanical exfoliation
(research,
cVD prototyping)
(coating, bio, transparent
»%0 conductive layers, ‘
> © electronics,
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3 . o
>
(@]

SiC -
(electronics, %
RF transistors)

el Ues &

lx af ¥yo . Liquid-phase exfoliation
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\

Figure 1.12 There are several methods of mass-production of graphene, which allow a wide choice in terms
of size, quality and price for any particular application. From[*].
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1.4 Motivation and outline of the dessertation

Currently, most technical catalysts consist of metal particles supported on porous oxides.
The choice of the oxide support is based on diverse criteria including the cost, the toxicity,
mechanical properties (e.g. heat dissipation, stability) and more importantly, the nature of its
interaction with the metal particles. This interaction is even more pronounced during oxidation
and reduction at elevated temperatures, which are essential steps in catalyst’s preparation and
activation. Upon these treatments, various morphological changes such as sintering,
encapsulation, inter-diffusion and alloy formation, can be induced depending on the strength

of the metal-support interaction.

Since the important role of the support on the catalytic performance was first realized 35
years ago, almost all catalytic relevant oxide supports have been studied in relation to their
interaction with active metals. Recently, carbon based materials (e.g. CNT, carbon black, etc.)
are studied as possible substitutes of oxide supports in many catalytic reactions, since they have
some certain advantages. Among them, graphene is potentially promising as a catalyst support
due to its high mechanical stability, high thermal conductivity and high electron mobility.
However, applying single-layer graphene for catalyst support is not practical, since very fast
free-standing graphene sheets recombine to form the so-called few-layer graphene. As
mentioned above, a number of studies examine the interaction of metal particles with graphene
grown over metals and nonmetals such as SiO2 and SiC, but limited studies focus on other
substrates. The motivation of this Ph.D. work is to provide fundamental understanding of the
effect of oxide-supported graphene on the metal-support interaction using model catalysts. In
order to achieve this object, a comparative study between metal particles directly deposited on
bare oxide and graphene-covered oxides is performed and particular focus is given to the
impact of the in-between graphene layer in tuning the metal-support interactions.

The studied system consists of Co and Pt-Co directly deposited by electron beam
evaporation on bare and graphene covered ZnO, SiO> substrates. The choice of these two oxide
supports was made based on three main criteria. The first was their relevance in practical
applications since both are extensively used as supports for heterogeneous catalysts. The
second reason was the knowledge that reducible oxides such as ZnO strongly interact with the
metals, while irreducible oxides like SiO, are assumed to be relatively inert. Finally, it is
relatively easy to fabricate model-planar substrates of these oxides with sufficient electronic

conductivity, which is a prerequisite for electron-based analytical methods. On the other hand,
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Co is an important transition metal which is widely used in catalysis, but in certain cases it
suffers from deactivation due to the strong interaction between Co and the supports (e.g. ZnO
and SiO2). Thus, this work is trying to apply single layer graphene as a buffer layer to modify
Co-oxide interaction, with a minimum fingerprint in the macroscopic properties of the catalyst
(e.g. thermal conductivity, mechanical properties etc.). The experiments are carried out in three
different Ultra High Vacuum (UHV) setups and the surface composition and chemical state are
studied mainly by in-situ surface techniques such as X-ray photoelectron spectroscopy (XPS)
and High resolution electron energy loss spectroscopy (HREELS). In order to get the
information of surface morphology and the properties of graphene, ex-situ techniques such as

Raman spectroscopy (Raman) and atomic force microscopy (AFM) have also been applied.

Specific aim of this thesis is to understand (1) the graphene’s effect on the interaction of Co
with inert and reactive oxides (2) the modification of the redox properties of Co in the two
cases and (3) the stability of graphene in these systems. The details of the above mentioned

topics are organized as follows:

Details about the materials preparation, characterization and experimental methods will be
given in Chapter 2. The principal theoretic principles of the relevant techniques are also

included in the same chapter.

e The investigation of Co nanoparticles supported on ZnO(0001) (Co/ZnO) and on
Graphene-Zn0O(0001) (Co/G-Zn0) substrates will be demonstrated in Chapter 3. The Co
and ZnO interaction was studied in situ by annealing the samples in UHV conditions and
performing quantitative and chemical surface analysis by XPS.

e Chapter 4 includes the results of oxidation/reduction properties of Co supported on
different substrates, including ZnO, Graphene-Zn0, SiO2, Graphene-SiO, and HOPG. The
experiments were carried out under low and medium pressure conditions.

e The graphene’s effect to the interaction between a bimetallic system (Co-Pt) and the
support will be given in Chapter 5.

e Chapter 6 summarizes the results of this thesis and provides an outlook for future research

in this area.
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An overview on the materials, methodology and experimental techniques used in this thesis
will be given in this chapter. Most of the experiments were carried out in ultra-high vacuum
(UHV), with X-ray photoelectron spectroscopy (XPS) being the primary technique used to
study the surface composition and the chemical/oxidation state. Therefore, the principles of
this technique will be explicitly discussed in the following part. A number of other
characterization techniques were also used, including: Atomic force microscopy (AFM),
Raman spectroscopy (Raman), Scanning electron microscopy (SEM), Low-energy ion
scattering spectroscopy (LEIS), High Resolution Electron Energy Loss Spectroscopy
(HREELYS), to study the surface properties, morphologies of the materials and the quality of
graphene.

2.1 Materials preparation
2.1.1 Preparation of substrates

The specimens studied in this work can be categorized into two types: 1) Metal particles
(Co or CoPt) deposited on the bare planar substrates (SiO2, ZnO and highly oriented pyrolytic
graphite, HOPG), 2) metal particles (Co or CoPt) deposited on the same substrates after being
covered by single-layer graphene. The specimens containing metals directly deposited on
oxides (type 1) are mainly used as reference materials for the graphene-based samples. A

schematic of sample preparation are shown in Figure 2.1.

The Zn- terminated ZnO(0001)-Zn single crystals (one side polished, 10 x 10 x 0.33 mm?®)
were purchased from CrysTec®, GmbH Berlin/Germany and prior to any deposition (either
graphene or directly metal particles) their surface was cleaned using a standard routine. This
routine consists of Ar* sputtering (600 eV, typical sample ion current ca. 2 pA) for 40 min to
remove the surface impurities, followed by annealing at 400 °C first in UHV for 8 min and then
in 5 x 107" mbar Oz for 2 min to restore the oxygen vacancies and to oxidize residual carbon
impurities. This sputtering-annealing procedure was repeated for several cycles until no carbon
could be detected by XPS. The SiO2/Si wafers (p-type doped Si wafer with 300 nm of SiO>
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layer on top, 10 x 10 x 0.7 mm?) were purchased from ACS Material®, Medford/USA and were
cleaned following the same sputtering-annealing procedure as with ZnO samples. The HOPG
substrate (10 x 10 x 2 mm?®) was cut and cleaved in air by scotch tape and immediately
transferred into the UHV apparatus. It was cleaned by annealing in UHV for several hours at
400 °C to remove the adsorbed contaminations and the absence of foreign species was
confirmed by XPS prior to metal deposition.

Al
longun

— Zn0(0001), Si0,

Sputtering with ion gun

Several cycles Exfoliated HOPG,

G-Si0,(commercial)
Annealing in UHV ~———

A ling in UHV
Checked by nnealing in

or several hours
LEED,XPS \ A f

Zno, Si0, (clean sample) clean sample

E-Beam
evaporator hd l Co evaporation

0.5nm thickness of Co
— CoZnO, CoSio, sample

CoGSi0,, CoHOPG
sample

Figure 2.1 Schematic of sample preparation.

CVD-grown single layer graphene was received as a 10 x 10 mm? Trivial Transfer
Graphene®kit, from ACS Material® Medford/USA. Its production was made in four steps: 1)
Monolayer graphene was grown on a copper foil, 2) deposition of Poly-methyl methacrylate
(PMMA) and cure, 3) Cu removal by etching process, 4) wash of PMMA/Graphene in
deionized water. This single-layer graphene was then transferred onto the UHV-cleaned ZnO
(0001) substrate in air, based on the wetting transfer method previously reported by Suk et. al.2
In particular, the single layer graphene sheet protected with a 0.5 um PMMA layer that was
released in deionized water, was “picked up” by the ZnO substrate. After that, the sample was
dried under vacuum for 120 min and heated at 150 °C in air for 30 min to enable water
evaporation and flattening of the graphene/PMMA film. Then the sample was set into
anhydrous ethanol for 240 min to remove the PMMA layer. Ethanol was selected instead of
the typically used acetone, to induce minimum modifications on the ZnO support, since it is
less aggressive than acetone and evaporates without leaving carbon residues. The residual

PMMA was removed by annealing in UHV at 350 °C for several hours and the cleanness of
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the sample was verified by XPS. The quality of transferred graphene in each sample was

confirmed by Raman spectroscopy.

Single layer graphene on SiO>/Si substrate was also transferred by wetting transfer method
from CVD grown single layer graphene. The difference with the ZnO based samples was that
the transfer of graphene was not made in house, but in ACS Material® laboratory and the
graphene/SiO./Si substrates were received as a commercial product. The as-received
graphene/SiO/Si sample was subjected to a final cleaning step by annealing in UHV for
several hours. Finally the quality and the cleanness of graphene were also checked by Raman
and XPS.

2.1.2 Metal deposition
2.1.2.1 Electron beam evaporation of Cobalt and Cobalt Platinum

Cobalt and cobalt-platinum were directly deposited on the support by electron beam
evaporation under UHV conditions. Electron beam evaporation uses an electron beam to melt
and vaporize a target material. The metal vapor then expands into vacuum and condenses over
the desired substrate. Before metal deposition, all substrates were cleaned as described in

section 2.1.1.

A commercial e-beam evaporator (Mantis depositions Ltd., model: QUAD-EV-C) attached
to the UHV set-up was used for Co and CoPt evaporation. The evaporator consists of four
independent pockets, allowing simultaneous evaporation of up to four materials. The
deposition metals (Co and Pt, 2 mm dia. wires 99.99 % purity, MaTeK®, Germany) are placed
opposite to a tungsten filament and a bias voltage of +2 kV is applied between them. When
sufficient current is passed through the filament, it reaches the electron emission temperature
and a stream of high-energy electrons is drawn from the filament towards the metal rod. The
target metal rod is locally heated and evaporated. The pockets are inside a copper shroud which
is water cooled to minimize outgassing. A manual shutter was used to control the deposition
time and the evaporation rate was measured by integrated metal plates which collect the current

of the ionized fraction of the evaporation steam for flux monitoring.

The Co-Pt deposition was performed by simultaneous co-evaporation of the two individual
metals. The distance between the source head and the sample was 6 c¢cm to ensure the
overlapping of the beam coverage from each evaporation pocket on the target (sample). The

thickness of the deposited metals was controlled by varying the deposition time. In order to
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control the atomic ratio Co:Pt, the metal vapor flux was adjusted, keeping the same deposition

time.
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2.2 Characterization Methods
2.2.1 X-ray Photoemission Spectroscopy (XPS)
2.2.1.1 Basic principles

XPS is the principal characterization technique used to study the surface state of all samples
in this thesis. XPS is a non-destructive analytical method which can provide information about
the chemical state and composition on the surface. It is a rather surface sensitive technique with
an average analysis depth between 2 to 5 nm, which is a critical surface region in catalytic

reactions.

The principle of XPS is based on the observation that electrons eject from surfaces upon
photons irradiation, as shown in Figure 2.3. This phenomenon is called photoelectric effect,
and the ejected electrons are called photoelectrons. The Kkinetic energy (Ex) of these

photoelectrons is given by Einstein’s equation:
E =hv-E,—¢ (21 )

where hv is the photon energy, Es is the binding energy of the photoelectron and ¢ is the work
function of the sample. Electrical connection between the sample and the electron analyser

simplifies this equation to Ex= hv-Eg.
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Figure 2.3 Schematic of an XPS system and principle of photoemission process

2.2.1.2 X-ray sources

Dual Al and Mg anode X-ray sources are typically used in lab-based XPS experiments, with
X-ray photon energy of 1486.6 eV for Al Ka and 1253.6 eV for Mg Ka. A schematic
representation of a dual anode X-ray source is shown in Figure 2.4. X-ray photons with
characteristic energy are generated when one of the two filaments (cathode) is heated and the
emitted electrons are accelerated by a high voltage (about 15 kV) towards the anode. Inelastic
electron-atom collisions on the anode produce an inner-shell ionization and when an electron
from a higher level falls into the inner-shell vacancy (core hole) X-rays are generated.
However, the core hole can be filled by electrons from other shells, meaning that the produced
X-rays will not be monochromatic. If one considers Al for example, when exciting the K-shell
(1s) of Al, the hole can be filled from the L, or Lz (2p) sub-shells, leading to Kas and Kaz lines,
which are the most prominent of the X-ray emissions produced, but they tend to be described
together as Ka X-rays or Kaa2 X-rays due to their small energy separation.* Electrons cannot
come from the 2s shell, because a change in angular momentum is required in the quantum
transition. The next shell with electrons is the valence band (n = 3) which gives rise to the
widely separated and weak Kg lines. At the same time, Bremsstrahlung radiation (photons
spanning some continuous energy range that arise from the deflection of electrons by
surrounding charged particles), and other Auger electron emissions are also produced albeit to

much lesser intensities.
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Figure 2.4 Schematic of a dual anode x-ray source.

Due to their low cost and the ease to switch between anode materials, dual Al and Mg anodes
X-ray sources are the most commonly used in XPS. However, a wide X-ray line width with
satellite lines and the continuum bremsstrahlung background affects the quality of XPS
spectrum. In this case, the monochromatic X-ray sources were designed to provide better
energy resolution and to remove background caused by satellites and bremsstrahlung. Figure
2.5 shows a schematic of the X-ray monochromator. A quartz single crystal is used to focus
the X-rays and diffract an integer number of Al-Kai, Ag-La, Ti-Kas, and Cr -Kp1 X-ray
wavelength along the direction which satisfies Bragg's law at Theta angle from crystal lattice,

namely:
nA=2dsin@ (22 )

where n is the diffraction order, A is the wavelength, d is the crystal atomic spacing, and 0
is the angle of diffraction. Since A of the AlKou and Koz X-rays is different, the latter is filtered
out. This, combined with a slight concavity introduced into the quartz crystal, results in a
focused X-ray beam at the sample surface with a narrower energy spread than possible with a
standard source. Both dual anode and monochromatic X-ray sources were used in this thesis,
depending on the different UHV apparatus. The details can be found in the experimental part

of each chapter.
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Figure 2.5 Schematic of a monochromatic geometry. From [*].

2.2.1.3 Electron Analyzer and Detector

An electron energy analyzer is used to measure the kinetic energy (Ex) of the emitted
photoelectrons. The concentric hemispherical analyzer (CHA), also referred as hemispherical
sector analyzer (HSA), is by far the most commonly used energy analyzer for XPS instruments
and is also the one involved in this work. A scheme of the CHA is shown in Figure 2.6. It
consists of two concentric hemispheres, with radius R: (inner hemisphere) and R (outer
hemisphere). The two hemispheres are negative polarized with potentials V1 and V2 (V2 > V31).

The median equipotential surface between the hemispheres would have a value, Vo given by:
V, =(V,R, +V,R,)/ 2R, ( 23)
where Ro is the radius of the median equipotential surface.

This means that only the electrons entering through the slit S with selected energy (E = eVo)
will follow the trajectory through the analyzer along the median equipotential surface of radius
Ro and will be focused at the exit slit, F. Otherwise, electrons with a kinetic energy not equal
to eVo will follow a different trajectory and hit on the top or bottom hemisphere. The electrons
are usually retarded through the lens system to a constant kinetic energy, commonly referred
as pass energy (Eo), before they enter in the hemispheres. This mode is caller fixed analyzer
transmission (FAT) and it is the most commonly applied mode in XPS.

For the photoelectron detection, channel electron multipliers (CEM) were used. CEM has a
horn-shaped continuous dynode structure (see Figure 2.6 right) which is coated in the internal

face with an electron-emissive material (such as PbQO). The electrons entering the opening of
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the channeltron undergo multiple collides with the channeltron’s walls and produce secondary
electrons. In this case, these electrons are accelerated into the horn by the potential difference

which exists at both ends and at the end channeltrons are capable of electron gains of up to 108.

" Sslitplate i
F slit plate
width, w1 width, w2

Figure 2.6 Schematic a concentric hemispherical analyzer (left) and channeltron detector (right). From

[
2.2.1.4 XPS spectrum

By collecting the photoelectrons with the analyzer, multiplying with the detector, counting
and analyzing the number of electrons versus its kinetic energy Ex (or binding energy, Eg)
distribution, the XPS spectrum is obtained. The spectra over a relatively wide Eg range will
give a signature of the elements as a function of their atomic number, thus providing elemental
analysis. Moreover, the spectra allow identification of the Eg difference for a particular element
present in different local chemical environment (the so-called chemical shift). This Eg
difference depends on the initial state and final state of the atom. The initial state effects are
induced by chemical bonding with other atoms or ions, while the final state effects are due to

perturbation of the electronic structure resulting from photoelectron emission.

As an example, the XPS spectra of Co 2p at different oxidation states of Co are shown in
Figure 2.7. The metallic Co spectrum shows two main peaks resulting from the spin-orbit
splitting. The spin-orbit splitting arises from the coupling of the magnetic fields set up by an
electron spinning around its own axis (defined by ms) with that of an electron spinning around
its nucleus (defined by 1),* since the 2p orbital of Co is a non-symmetric orbital (I =1) and ms
can have two possible configurations (+1/2 and -1/2), which gives rise to the splitting of two
states. The total angular momentum (j, j =l +ms) for p subshell is 3/2 and 1/2, which is shown
as two peaks: Co2psz and Co 2p1/2, and since the degeneracy of j is 2j +1, the ratio between the

two peaks Co2ps/2/Co 2pis is 2/1.
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For CoO and Co30g4, these two peaks shift to higher binding energy. It is known that the
interactions between Co and O atoms which form Co-O chemical bonds depend only on the
valence band levels, while the core levels are not directly involved in the bonding process.
However, due to the coulomb interaction, the Eg of core electrons result from the attraction of
the charged nucleus and the repulsion of the neighboring electrons. Since oxidized cobalt
atoms donate electrons to oxygen atoms, the attraction from cobalt nucleus is distributed among
fewer electrons per unit volume, and in this case, the binding energy of core electrons increases.
Of course one should not overlook the effect of final state effects on the binding energy shifts,

which might modify this trend.
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Figure 2.7 XPS spectra of Cobalt at different oxidation state.

The spectrum of CoO also shows additional satellite peaks at higher binding energy. These
peaks arise from the shake-up processes which are explained by the transitions of valence
electrons to the vacant orbitals above Er due to photoemission. Since these processes decrease
the Ex of the ejected photoelectrons, the satellite peaks appear at higher Eg with respect to the
associated main photoelectron peaks by several eV. The high intensity of the satellite peaks of
CoO is associated to the high-spin Co?* in the lattice, which allows significant charge-transfer
between cobalt 3d” band with neighboring lattice oxygen.® On the other hand, Co3O4 has weak
satellite peaks. This is explained by the fact that the octahedrally coordinated Co®* states do
not contribute to charge transfer and therefore to shake-up processes; the remaining 1/3 Co
cations are tetrahedrally coordinated Co?" which give rise to the shake-up peaks of the

spectrum.®
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In this work, in the cases that peaks are overlapping, for example, mixture of CoO and
C0304, the spectrum deconvolution was carried out using reference spectra of pure CoO and
Co0304 phases recorded at the same experimental set up. In this case, the peak area and
consequently the ratio of the two components can be calculated.

2.2.1.5 Quantification

It is known that, from XPS spectra, the Eg value and the peak shape can provide information
on the chemical state of the element. In addition, XPS can also be used for quantification,
because the intensity (or area) of XPS peaks is directly related to the elemental stoichiometry
of the sample. The XPS peak intensity measured in the experiment not only depends on the
quantity of the chemical elements, but is also a function of other factors. In particular, it is
related to i) the photoelectron cross section (the probability that photoionization of the certain
core level is produced), ii) the inelastic mean free path (IMFP, the mean distance an electron
of a specific Ex can travel in a particular solid before it interacts and loses energy to its
surroundings), which is in turn related to the material and the photoelectron kinetic energy, iii)
the sample morphology and the analyzer parameters and finally iv) the arrangement of the
elements within the sample.”® The latter factor is a bottleneck of XPS results quantification,
since appropriate quantification models which represent the sample morphology should be
used. Models for various sample morphologies have been described in the literature, but
notably their use is complicated by the complex mathematical formulas and more importantly

by the need to be fed with exact geometric characteristics of the sample.’

In this work two commonly applied and relatively simplified quantification models were
used. The metal overlayer thickness I;, was calculated through quantification of XPS results
based on a number of simplifying assumptions,® suitable for flat and homogeneous samples
with negligible elastic scattering of photoelectrons. The equation (2.4) reported in Ref ° can be
utilized to calculate the average thickness of metal overlayer.

1" 1-exp(-t/ 2! (E,)cosa) ( 24)

M
I, 17 exp(-t/ 2! (E,)cosc)

Where [} and I are the photoelectron signal intensities of overlayer (I) and substrate (s),

respectively, obtained from the XPS spectra. a is the photoelectron emission angle. The 1~

and Ig° are the signal intensities for infinitely thick layers of overlayer and substrate

respectively. These values should be obtained from separate experiments (with the same
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measurement conditions), in the same instrument. Alternatively the ratio of 1~ /I can be

obtained using theoretically-calculated semi-empirical atomic sensitivity factors reported in the
literature. For this thesis the Sx values are obtained from the empirical value given by Wagner

et al.l% (see Table 2.1). The 2! (E)) and 2! (E,)are the inelastic mean free paths (IMFP) of the

photoelectrons from the overlayer and the substrate (with kinetic energy Ejand Es, respectively)
passing through the overlayer (l). The IMFP values are calculated by the TPP-2M equation®?,
with the aid of QUASES-IMFP-TPP2M software.

Table 2.1 The atomic sensitivity factors used in this thesis®

Element Atomic sensitivity factor

Co 2p 3.8

Co
Co 2psr2 2.5
Pt Pt 4f 44
Zn Zn 2p3p2 4.8
Si Si 2p 0.27
c C1ls 0.25
] O1s 0.66

These assumptions are reasonable in case of particles on bare oxide substrates. The Co
thickness t can be calculated from equation (2.4). According the AFM results, which will be
presented in the following chapters, for Co/ZnO or Co/SiO2, a flat and homogeneous layer
structure is observed at least at low temperature. However, when Co is supported on carbon
materials, it forms nanoparticles and does not meet the condition of this equation. However,
since Co was evaporated under identical conditions (i.e., evaporation flux rate, duration and

substrate temperature), the Co amount is assumed to be the same on all the samples.

To calculate the atomic ratio of bimetallic Co-Pt overlayers, a different qualification model

assuming that the two components are homogenously mixed was used:

<

<8

X, = ( 25 )

M

<

w
where Xw is the atomic concentration of metal M, Im is the XPS peak area of metal M and

I is the peak area for infinitely thick layer of M.
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Angle resolved XPS measurements were used to detect the depth distribution of elements
(within the region of maximum sampling depth). This is due to the fact that the angle between
the sample surface normal and the analyzer (take-off angle, 0) adjusts the distance that the
photoelectron travel within the solid and therefore the sampling depth (Figure 2.8). In other

words, within the same traveling distance A, the measuring depth (d) varies with 6 (d=A cos0).

Analyzer Analyzer

X-ray
\ 8=0°

} depth

Figure 2.8 A schematic of angle resolved XPS measurement

2.2.2 Raman spectroscopy

Raman spectroscopy is a versatile tool for studying the properties of graphene. It can be
used to determine the number and orientation of layers, the quality and types of edge, and the
effects of perturbations, such as electric and magnetic fields, strain, doping, disorder and
functional groups.*? Thus, Raman spectroscopy was applied in this work in order to investigate
the quality and layer number of graphene and also the graphene stability after various
treatments. The principle of Raman spectroscopy is based on the inelastic scattering of
monochromatic light. When light is incident on a sample, it may interact with sample atoms or
molecules in different manners, such as reflection, adsorption or scattering. During the
scattering process, most of the photons are elastically scattered; in this case, the frequency of
the incident and scattered light is the same and this process is called Rayleigh scattering. A
small amount of photons (only one in every 10°-10% incident photons) gains or loses energy
during scattering and this inelastic process is the Raman scattering. It consists of two types of
scattering; one is named as Stokes—Raman scattering (the scattering light has less energy than
the incident light) and the other is referred as anti-Stokes—Raman scattering (the scattering light
has more energy than the incident light).:
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Figure 2.9 shows a simple model of Rayleigh and Raman scattering processes. At room
temperature, most molecules are present in the lowest energy vibration state. The virtual states
are not real states of the molecule but are created when the laser interacts with the electrons
and causes polarization. The energy of these states is determined by the frequency of the light
source used.* In Rayleigh scattering, when the incident light is absorbed by a molecule, the
molecule will be excited to the virtual state and then it will relax and return back to its initial
vibrational state by emitting a photon with the same frequency. In Stokes scattering the
molecule from the ground vibration state (m) is promoted by the incident light to a virtual state
but then returns to a higher vibration state (n) than its initial ground state and the emitted light
has lower energy than the incident light. However, due to thermal energy, some molecules may
be already present in an excited state (n). If these molecules are excited to a virtual state and
then relax back to the ground state (m), energy will be transferred to the scattered photons,
which is the so-called anti-Stokes scattering. Since at room temperature most of the molecules
are in ground vibration state, the Stokes scattering is the most commonly detected process in

Raman measurements.

___________ fmqm e
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Figure 2.9 Diagram of the Rayleigh and Raman scattering processes.

There are four main components in a Raman spectrometer: excitation source, light collection
optics, monochromator and detector (Figure 2.10(a)). In Raman scattering the intensity of the
scattering is directly proportional to the power of the incident light. Lasers, which are
monochromatic and with strong intensity, is the best excitation source. A good laser source for
Raman should has narrow and extremely stable frequency in order to give high quality Raman
peaks and not to cause errors in the Raman shift. Since the intensity of Raman scattering is
inversely proportional to the forth power of the excitation wavelength, the shorter wavelength
of the laser the higher the intensity of Raman scattering. ** However, high frequency excitation
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sources, such as UV, may be absorbed by many compounds and cause the degradation of the

sample. So the most common choice is a visible laser source.
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Figure 2.10 Conventional setup (a) and optical system (b) of Raman spectroscopy. From[*].

In a typical Raman spectrometer, there are three optical devices.'® The first is a filter used
to remove the plasma laser lines from the outgoing beam which generates Rayleigh scattering
with intensity of the order of the Raman intensity. Besides, a spherical microscope objective
or a cylindrical lens is needed to focus the laser beam onto the sample. The third device is the
collection system (usually consists of two lenses, see Figure 2.10(b)) for recording Raman
spectra. Generally, two basic geometries, 90° scattering or 180° scattering, are used in
collecting Raman scattering (Figure 2.10(b)). In order to separate the Raman scattering from
the other light collected, a monochromator is required. Nowadays the standard configuration
is either a triple monochromator or a single monochromator in combination with sharp-cut
filters. In a triple monochromator, the first two stages are for Rayleigh stray light rejection,
whereas the third monochromator disperses the collected Raman radiation onto a multichannel
detector. For the device with a filter (notch filter is widely used), the incident laser light is
absorbed by the filter and the scattered light is collected and focused into a monochromator
which separates the individual Raman peaks. Then the collected radiation is recorded by a
detector, usually a charge-coupled device (CCD). This is a sectored piece of silicon in which
each sector is separately addressed to the computer. In this way, it is possible to discriminate

each frequency of the scattered light and therefore construct a Raman spectrum.*

In this thesis, Raman spectra were acquired at room temperature and atmosphere conditions
with a micro-Raman spectrometer (Horiba LabRam Aramis), with excitation wavelength at
532 nm. A 100x objective was used to focus the excitation laser to an approximately 1 pm spot

with a laser power less than 1 mW to avoid heating and damage of the sample.
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2.2.3 Low energy ion scattering (LEIS)

Low-energy ion scattering (LEIS), also called ion scattering spectroscopy (ISS), is a surface
analytical technique with supreme surface sensitivity, normally used for characterizing the

elemental composition of the outermost surface layer.

Incidention: Detected scattered
He*, Ne* or Ar* ion, E¢
Eo=0.5-10 keV

Sample surface

Figure 2.11 Experimental geometry of LEIS.

In a LEIS experiment (see Figure 2.11) the surface under investigation is bombarded with
noble gas ions (He", Ne* or Ar") with energy (Eo) between 0.5 - 3 keV. The ion beam is directed
on the sample surface with an incident angle a; typically smaller than 60 °.*° The ions collide
with atoms on the sample surface and backscatter from the sample with kinetic energy (Es) (at
a scattering angle 0; usually 140 °), typically measured with a CHA analyser. Generally the
kinetic energy Es is smaller than Eo due to the momentum and energy transfer between the
incident ions and surface atoms. Es is dependent on the scattering angle (0), the incident ion
energy (Eo) and the masses of the incident (m1) and the scattering (m2) atoms, which can be
calculated from the following equation:

2
cos @ + (mzj —sin’ @ ( 26 )
ml

m,
m

—_f_

= =

0 1+
1

In an experiment, 0 is normally a constant for a given instrument, mz is a known value for
the source atom and Eo is also fixed. Thus, it becomes obvious that Ef is a unique function of
m2. Therefore, by measuring kinetic energy Er, the mass of the surface atoms m. can be
determined and this leads to the illustration of the element composition of the outermost surface

layer.
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For the LEIS measurements in this work, an IQE 11/35 (SPECS) ion source and He* as
incident ions were adopted. The incident energy was typically 750 eV and the scattering angle
was 130°.

2.2.4 High resolution electron energy loss spectroscopy (HREELS)

High resolution electron energy loss spectroscopy (HREELS) is based on measuring the
electron energy loss due to the inelastic scattering of these electrons with the sample. When an
electron beam interacts with the sample surface, the electrons might lose energy by several
paths including core level ionizations, valence-level excitations, plasmon losses, or vibrational
excitations. HREELS usually takes advantage of small electron loses in the range of 1072 eV
to 1 eV. These loses are induced due to interactions with the vibrational modes of the adsorbed
molecules or the surface phonons of the substrate. Thus, it is a complementary method to
infrared spectroscopy and plays an important role in studies of model catalysts.'®*’ In this
thesis, the HREELS studies were carried out in the UHV multi-chamber analytical system
(Prevac, Poland) in Lublin, Poland. The R4000 (Scienta) hemispherical electron energy
analyzer and a monochromatic ELS 5000 (LK Technologies) electron gun with LaB6 cathode.
The HREELS spectra were acquired in a specular geometry using a 14.069 eV incident electron

beam directed 22.5 ° from the surface normal.

2.2.5 Atomic force microscopy (AFM)

An atomic force microscope (AFM) is one type of scanning probe microscopes (SPM),
which allows investigating the local properties of solid surfaces with high spatial resolution.®
The AFM instruments are widely applied to measure the surface roughness (i.e. topography)
as well as the mechanical (e.g. stiffness), electrical and magnetic properties of surfaces. The
great virtue of this technique to other SPM methods (e.g. scanning tunneling microscopy, STM)

is that it can be equally applied for electron conductive and isolating samples.

Figure 2.12(a) shows a photograph of the AFM (NTMDT Aura) used in this thesis and its
main components. The working principle of AFM is shown in Figure 2.12(b). The AFM probe
is made of an elastic cantilever with a sharp tip at the end. A laser beam is focused on the back
of the cantilever and is reflected to a four-section split photodiode. The sample (or the probe)
is mounted on a piezoelectric scanner, which allows precise control of its position in plane and
vertical directions. The probe is brought into close proximity with the sample and as the sample

moves the cantilever bends due to attractive forces between the tip and the surface (such as
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Van der Waals force, electrostatic forces etc.). The deflection of the cantilever causes slight
changes in the direction of the reflected laser beam, influencing the current produced by the
photodiode. By using atomic sharp tips and nm scaled samples the movement of the photodiode
current is directly proportional to the surface features.
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Figure 2.12 (a) Photograph of the AFM used in this thesis (NTEGRA Aura system). Principle of AFM
measurement (b) and Schematic of tapping mode measurement (c), reproduced from[19].

AFM instruments can acquire images by three different methods: contact mode (also called
static mode), non-contact mode and tapping mode (also called intermittent contact, AF mode

or vibrating mode).
a) Contact mode

In contact mode, the tip is in direct contact with the surface and the AFM can be operated
in both constant height and constant force modes. At constant force mode, a feedback system
can be used to control the bending of the cantilever at a constant value and consequently, the
interaction force as well. Thus the recorded voltage on the scanner Z-electrode reflects the

surface topography. At constant height mode, the probe moves at an average height above the
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sample and the bending of the cantilever is proportional to the applied force and consequently
to the sample surface features. A drawback of contact mode is the direct physical contact of
the tip with the sample. As the tip scans over the sample, the normal force and the substantial
frictional force can damage the sample and the tip, hence distort the resulting data. Thus the
contact techniques are practically not suitable for soft samples such as organic thin films and

biological materials.
b) Non-contact mode

In the noncontact mode, the tip and the sample are in close proximity, but not in direct
contact. The cantilever oscillates at its resonant frequency with small amplitude (about 1-10
nm). When the tip approaches the surface, the cantilever is affected by an additional force (van
der Waals forces, or other long-range forces) and the resonance frequency is decreased. This
decrease can be detected by the optical system and feedback to the instrument electronics,
which recompense this change and maintain a constant oscillation amplitude or frequency by
adjusting the average distance between the tip and sample. The topographic image of the
sample surface can be obtained by measuring this distance at each point. In order to detect the
slight difference of amplitude and phase of oscillation in non-contact mode, high sensitivity
and stability of feedback are required. Moreover, under ambient conditions, most sample
surfaces are covered by a layer of contamination which consists of water vapor and nitrogen.
In this case, the tip will oscillate above the adsorbed layer and image both the sample surface
and the layer. If the forces of this layer are higher than the range of van der Waals force between

the tip and the sample surface, the image cannot be representative of the surface topography.
c) Tapping mode

In tapping mode, the cantilever is forced to oscillate near a resonance frequency similar to
the non-contact mode, but the amplitude of this oscillation is higher, at about 10-100 nm.
During scanning, the interaction forces, including elastic force and long range forces (van der
Waals forces, electrostatic forces etc.), affect the oscillation amplitude like in the non-contact
mode. Moreover, the changes in the oscillation amplitude can be detected and recorded with
the help of a feedback system (Figure 2.12(b)). In tapping mode, the applied force is always
vertical and there are significantly less lateral forces, so it is not distractive to the surface and
can be used for soft surfaces. Compared to the non-contact mode, since the tip can approach
close enough to the sample during tapping, the short-range forces will be detectable even with

a liquid surface contamination under atmospheric conditions.
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In this work, all of the AFM images were obtained under tapping mode at ambient
conditions. A NTEGRA aura system from NT-MDT is utilized. The PPP-NCHR tips from
NANOSENSORS with radius less than 10 nm are chosen for measuring.

2.2.6 Scanning Electron microscopy (SEM)

SEM is a common technique for the examination of the sample morphology. An electron
beam is scanned on the sample and signals derived from electron interaction or scattering with
the sample surface are recorded. Figure 2.13a shows various phenomena occurring when the
incident electron beam interacts with the sample. The information depth extends from less than
100 nm to around 5 pm depending on the energy of the incident electrons, the atomic number,
the density of the sample and the type of detected electrons (Figure 2.13b). The depth increases
at high beam energy, small atomic number and small sample density. The SEM system used in
this work was a JEOL 6700F microscope. The samples were fixed on the sample holder with

graphite tape.
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Figure 2.13(a) Signals generated by the electron interaction® and (b) generated regions

2.3 UHV experimental apparatuses

In this work, XPS measurements were conducted in three UHV experimental set-ups. Two
of them are located in the Surface Analysis Laboratory (SAL) of the Institut de chimie et
procédés pour [’énergie, ['environnement et la santé (ICPEES) in Strasbourg, while the third
one is at the Faculty of Chemistry of the University of Maria Curie- Sklodowska Lublin, Poland. The
first two equipment will be described below, while the equipment in Poland is a commercial
multichamber UHV (PREVAC®) and the details can be found elsewhere?!.

a) UHV system for low pressure studies

Figure 2.14 shows the UHV system for low pressure studies. This UHV system consists of
three chambers: a load-lock chamber, a preparation chamber and an analysis chamber. The
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preparation chamber is equipped with Ar* sputtering gun for sample cleaning and the e-beam
evaporator for metal deposition. The analysis chamber is equipped with a dual anode (AlKa
and MgKa) X-ray source, an ultraviolet source, a 1-channel CHA VG Clam-2 electron
analyzer, a gas/vapor doser and a differentially pumped mass spectrometer (see Figure 2.14).
In this thesis, experiments were performed using Al Ko source and an X-ray incident angle of
30° with respect to the sample. The emission angle of the photoelectrons was fixed to 15° to
the normal of the sample’s surface. The photoelectrons were detected by using a pass energy
of 20 eV for all of the high resolution spectra (and 50 eV for the survey scan). The analysis
chamber is equipped with a 4-axis manipulator with heating and liquid-N2 cooling capabilities.
The sample was mounted on a PTS 1200 EB/C-K Mo sample holder (PREVAC®) and could
be heated either by the resistance mode of a tungsten filament or by electron bombardment
mode heating (for temperatures higher than 300 °C). In order to study the low pressure
oxidation/reduction properties of the samples, the O2/H2 gas was manually introduced by leak
valves to the analysis chamber and the pressure was monitored by an ion gauge. In all of the

low pressure redox studies, the Oz and H pressure were controlled at 5 x 107 mbar.
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Figure 2.14 The UHV system used in the low pressure studies.
b) UHV system for medium pressure studies

The medium pressure studies were performed in the VSW UHYV system (see Figure 2.15).
Beside the load-lock chamber, preparation chamber and analysis chamber, it is also equipped
with a high pressure chamber which is connected to the load-lock. The volume of the high
pressure chamber is ~ 1 L, a capacitance gauge (Pfeifer Vacuum CMR 362) and a gas regular

valve (Pfeifer Vacuum RVC 300) are installed to supply a constant pressure and/or gas flow.
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Samples were mounted on a sample holder able to operate both under vacuum and high
pressure conditions (Omnivac). The holder is equipped with a ceramic heater and a
thermocouple directly attached on the side of the sample. During the medium pressure
experiments, a 7 mbar pressure and 40 mbarl/s gas flow were applied for all the experiments.
After the sample was treated in O2/H: in this chamber, the gas could be pump out and the
sample was transferred into the UHV chamber through the load-lock without exposure it in the

air.
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Figure 2.15 Photograph of the VSW UHV system at two different directions.

The preparation chamber is equipped with Ar* sputtering gun for sample cleaning and the
e-beam evaporator for metal deposition. The analysis chamber is equipped with an ultraviolet
source for UPS, an IQE 11/35 (SPECS) ion source for LEIS, a VSW Class WA hemispherical
electron analyzer (150 mm radius) with a multi-channeltron detector and two X-ray sources
for XPS. One of the X-ray sources is a non-monochromatic dual anode (Al Ka and MgKa) X-
ray source and the other one is a monochromatic Al Ko source. In this work, the
monochromatic Al source (1486.6 eV; anode operating at 240 W) is chosen for high resolution
spectra. The X-ray incident angle is 45 ° with respect to the sample and two emission angles of
the photoelectrons are chosen which are 0 ° and 75 ° to the normal of the sample surface. The
photoelectrons were detected by using pass energy of 44 eV for all of the high resolution spectra

(and 90 eV for the survey scan).
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Chapter 3 Investigation of Co interaction with bare, and
graphene-covered, ZnO substrates in UHV conditions’

3.1 Introduction

It is generally accepted that the morphology and the electronic properties of supported
overlayers are strongly influenced by the interaction with the substrate. Traditionally,
supports like graphite, SiO2, and Al>Oz are considered highly stable and relatively inert, while
oxides such as TiO2 and ZnO are known to have a strong influence on the structural and
chemical characteristics of the deposited overlayer. In many applications, both the bulk
(volume) and surface characteristics of the support are equally important. Bulk characteristics
influence properties such as the mechanical stability, thermal and electric conductivity, photon
absorption properties, and so on, while surface characteristics control the chemistry at the
metal/support interface. For example, both the energy gap (bulk property) and the surface
reactivity govern the performance of photocatalytic materials.* In general, the surface and the
bulk properties of supports are interconnected, and it is very difficult to modify one without
influencing the other.

Graphene is considered as an attractive supporting material for metal clusters due to its
unique electronic, structural, and chemical characteristics.2>2 In addition, graphene has been
explored as an ultrathin barrier to protect different metals, such as Cu,'*!* Cu/Ni,'* Ag,*° Fe,
and so on, from corrosion in air, H.O2 and electrochemical environments. In all above studies,
metals or relatively inert oxides were used as the supporting material of graphene layers. The
effect of graphene on reactive oxide supports, which are known to interact actively with metal
overlayers, has not been explored so far. In this work we demonstrate a new perspective of
single-layer graphene as an interlayer that can dramatically influence the metal—support
interaction. This is a potentially novel and stimulating application of graphene since it can act
as a transparent, ultrathin, electron conductive, promoter/mediator of the substrate chemical

properties.

! This chapter is a reproduction of the published paper on J. Phys. Chem. Lett., 2014, 5 (11), pp 1837-1844%,
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3.2 Experimental methods
Materials and Synthesis

In this Chapter, ZnO(0001) and single layer graphene covered ZnO(0001) (named as G-
ZnO) were prepared as substrates for investigating the cobalt-support interactions. Cobalt
evaporation was carried out at room temperature with a rate of 0.01 nm/sec for a period of 50
sec and at background pressure < 8 x 10° mbar. For the flash heating treatments the
temperature increase ramp rate was 1 °C/sec. After each temperature treatment the sample was
cooled down to room temperature where spectroscopic data were recorded. Details of sample

preparation can be found in Chapter 2, section 2.1.
Characterization methods

Raman spectra were recorded at room temperature and at atmospheric conditions by a
Horiba spectrometer LabRam. A 532 nm laser was used as excitation energy with power energy
of 0.93 mW and a fluence of 2.25 mW pum~2. The morphology of the samples was investigated
by the atomic force microscopy (AFM). Measurements were carried out at ambient conditions
with NanoScope V (Bruker-Veeco) operated in the tapping mode, which is low-invasive and

recommended for the surface of soft materials.

XPS and HREELS experiments were conducted in two ultrahigh vacuum (UHV) chambers
with background pressure < 2 x 10° mbar, equipped with hemispherical electron analysers and
a dual anode (Al Ka and Mg Ka) X-ray source and standard surface preparation facilities (ion
sputter gun, LEED optics etc.).” In one of the UHV setup (VG Microtec, Strasbourg) the
analysis area of the samples was maximized (ca. 8 x 8 mm?) in order to get representative
information of large spatial area of the sample. The second UHV multi-chamber analytical
system (Prevac, Poland) was also equipped, among others, with theR4000 (Scienta)
hemispherical electron energy analyzer and a monochromatic ELS 5000 (LK Technologies)
electron gun with LaB6 cathode for the High Resolution Electron Energy Loss Spectroscopy
(HREELS). The HREELS spectra were acquired in a specular geometry using a 14.069 eV
incident electron beam directed 22.5 ° from the surface normal.
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3.3 Results and discussion
3.3.1 Characterization of ZnO and Graphene-ZnO substrates

Figure 3.1 shows Raman and X-ray photoelectron spectroscopy (XPS) C 1s results recorded
after transferring the PMMA/graphene film onto ZnO and PMMA dissolution, abbreviated as
G-ZnO. Both characterizations indicate spectral features due to traces of PMMA residues that
were not totally removed by the ethanol treatment.'®® Deconvolution of the C 1s XPS peak
using previously described PMMA C 1s spectrum®2 reveals that the residue PMMA signal is
about 30 % of the overall C 1s peak (in some transfer attempts, the residue PMMA signal could
reach up to 70 %). This indicates that ethanol can effectively dissolve the majority of the
PMMA layer, yet some PMMA residues remain after this procedure.?!?? Quantitative XPS
calculations assuming the typical layer model?® estimate the overall thickness of the carbon
layer to be 1.5 0.5 nm or roughly about 5 atomic layers (estimated carbon thickness 0.3 nm).
For comparison, we immersed the bare ZnO crystal (without PMMA/graphene) into liquid
ethanol, and we found that the signal of the C 1s peak due to residual species was 4 times lower,
while the C 1s peak position was shifted to higher energies by about 1 eV (Figure 1b, second
from bottom). This observation shows that graphene/PMMA can be clearly differentiated from
residual carbon species in the C 1s spectrum. Annealing the sample at 350 T in UHV for 1 h
effectively removes the PMMA traces as indicated by the disappearance of the PMMA
fingerprint peaks in both Raman and XPS spectra (Figure 3.1a,b). The thickness of the carbon
layer after annealing was estimated by XPS about 0.5 nm, compatible with the expected

thickness of single-layer graphene.

The quality of the transferred graphene was characterized by Raman spectroscopy, which is
an efficient method to conclude about the number of graphene sheets and their structural
order.?*28 The main features of the Raman spectrum of graphene are the so-called G and 2D
bands at about 1580 and 2700 cm™!, respectively, while an additional bands around 1350 cm™*
(D band) is observed in disordered or defective graphene. The narrow symmetric 2D band and
the relatively low G-to-2D band intensity ratio shown in Figure 3.1a can be used as a safe
indicator of single-layer graphene.?>?® In addition, the low intensity of the D band (~1350
cm1) suggests that the graphene layer transferred on ZnO has a quite low defect density.
Comparison of the Raman spectra of the G-ZnO sample before and after annealing in UHV
shows that annealing has effectively removed the PMMA related spectral features, without

introducing new defects on the graphene layer (the D band remains small).
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Figure 3.1 (a) Raman spectra of PMMA and G-ZnO samples before and after annealing as well as after
cobalt deposition and ethanol exposure cycles, the blue line (G-ZnO diff.) derives after subtraction of
PMMA to G-ZnO spectrum. (b) From bottom to top: XPS C 1s core level spectra of the clean bare ZnO
(0001) substrate, after immersion in ethanol bath, after graphene transfer, after vacuum annealing.

Surface phonons were examined using high-resolution energy-loss spectroscopy (HEELS).
The clean ZnO (0001) surface (lower portion of Figure 3.2a) is characterized by surface optical
phonons at 67, 134, and 200 meV due to long-range surface lattice vibrations.?®3° After transfer
of the graphene layer and UHV annealing, the surface phonons of ZnO are completely
screened. Instead, a weak shoulder at about 40 meV and a very broad structure centered at
about 165 meV appeared (indicated by arrows in Figure 3.2a), similar to previous reports from
graphene sheets on SiC.3! The addition of graphene can influence the HREELS spectra in two
ways: either by efficiently screening the ZnO substrate phonons or by inducing new features
in the spectrum, for example due to the coupling of substrate phonons with plasmons from the
graphene layer.323 Full screening of the ZnO phonon features in the HREELS spectrum has
been reported after deposition of thick metal overlayers on ZnO, e.g., 3 and 20 atomic layers
for Pt? and Cu®, respectively. The presented HREELS spectra confirm the effective coverage
of ZnO by graphene but cannot be conclusive about the effect of graphene on ZnO surface
phonons. Overall, as compared to metals, single-layer graphene can be a very efficient,

thermally stable material to screen the ZnO surface phonons.
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Figure 3.2 (a) From bottom to top: HREELS spectra of ZnO, G-ZnO, Co/ZnO, and Co/G-ZnO after
annealing at 350 <C. (b) Tapping-mode AFM topographic images of clean bare ZnO and (c) G-ZnO
samples. The line profiles along the lines depicted in the AFM images are superimposed in the figures.

The morphology of the sample surface was analyzed by atomic force microscopy (AFM).
A typical AFM image and a line profile of the ZnO (0001) substrate after cleaning in UHV are
shown in Figure 3.2b. The step-and-terrace structure can be observed with a step height of
about 0.25 nm corresponding to a half lattice parameter of the unit cell of co.3* In the AFM
topographic image of the G-ZnO sample (Figure 3.2c), the layer is continuous and flat (root-
mean-squared (RMS) roughness ~0.5 nm), although some wrinkles and small tears can be
seen. As derived by the line profile curve superimposed in Figure 3.2c, the height of the
graphene layer is about 1 nm compatible with a monolayer thickness for AFM measurements
under atmospheric conditions.®3 We should mention here that, although the theoretical
thickness of single-layer graphene is 0.35 nm, the thickness of graphene in the AFM
measurements can vary from 0.4 to 1 nm due to the chemical contrast between graphene and

the substrate and the specific settings of the AFM instruments.3":3®

3.3.2 Graphene’s effect to the Co-ZnO interactions

Cobalt, at coverage of about 0.5 nm, or 2 equivalent layers, was evaporated onto annealed
G-ZnO substrates in UHV at room temperature (abbreviated as Co/G-ZnO). For comparison,
cobalt was also evaporated on a bare, clean ZnO substrate (abbreviated as Co/ZnO) under
identical conditions (i.e., evaporation flux rate, duration and substrate temperature). Figure
3.3a,b compares the evolution of the Co 2p XPS peaks of Co deposited on ZnO and G-ZnO

substrates as a function of the annealing temperature. Up to 100 <C, the sharp Co 2pazs peak at
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778.3 eV indicates the metallic Co state (Co%)"* for both substrates. However, upon further
annealing, the evolution of the Co 2pas/2 spectrum in the two substrates is considerably different.
In particular, on bare ZnO, and starting from 200 <C, the intensity of metallic Co 2p3/, peak at
778.3 eV decreases and is gradually replaced by a component at 780.6 eV, which is typical for
CoO"3%40 (Figure 3.3a). It is interesting to note that, under the conditions examined, the
oxidation is limited to CoO and does not proceed further to the more thermodynamically stable
Co304 phase.** This result is in agreement with previous studies reporting that when Co/ZnO
is annealed in vacuum, a solid state reaction takes place at the interface inducing cobalt
oxidation.}”°%2 |n contrast, annealing of the Co/G-ZnO sample does not cause any evident
effect to the Co 2ps» peak shape, which remains identical to that of metallic Co even after
annealing at 350 <C. These results clearly show that the addition of graphene affects the
metal—support interaction by preventing Co oxidation by ZnO. Apparently, the oxidation of
Co by ZnO necessitates oxygen transport through a common interface between the two
materials or substitution of Zn by Co ions in the ZnO oxide lattice. Defect free graphene acts
as a physical barrier for the in-diffusion of Co while, as has been described previously, is it
impermeable toward oxygen,**#* which elucidates the observed resistance of Co to oxidation.
This description accounts not only for areas that graphene is in physical contact with the
support but also for curved graphene areas, since in both cases the Co—ZnO interaction is

prohibited.

The XPS intensity ratio between Co 2p and Zn 2p photoelectron peaks (Ico/lzn) is indicative
of the cobalt dispersion on the substrate?*® and as such, can be used to qualitatively report
about the morphological changes of cobalt overlayer upon annealing. In Figure 3.3c, a plot of
the normalized lco/l1zn is presented as a function of the annealing temperature for both Co/ZnO
and Co/G-ZnO samples. Comparison of the lco/lzn ratio in the two samples indicates very
similar values up to 200 <C, but significant deviation above this temperature. In particular, the
decrease of Ico/lzn observed up to 200 <T indicates that less Co but more ZnO substrate is
exposed. This can be explained by Co particle agglomeration and/or by increase of their contact
angle with the support. At temperatures higher than 200 <C, the Ico/lzn ratio of the G-ZnO
substrate continues to decrease monotonically, indicating that agglomeration carries on as the
temperature increases. On the contrary, on bare ZnO the ratio increases above 200 <C, showing
redispersion of cobalt. It is evident that upon annealing the Co overlayer on bare ZnO, cobalt
is oxidized to CoO and spreads out over the ZnO surface, while over G-ZnO agglomeration of

cobalt is observed.
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Figure 3.3 XPS spectra of (a) Co/ZnO and (b) Co/G-ZnO upon annealing at different temperatures. (c)
Variation of the normalized XPS Co 2p/Zn 2p intensity ratios with temperature for Co/ZnO and Co/G-
ZnO samples. To facilitate the comparison, the Co 2p/Zn 2p intensity ratio is normalized to the initial ratio
at 30 <C. The error bars represent the data scattering as the deviation of the mean value obtained in three
repeated experiments. A graphical representation of the cobalt particles’ morphology after annealing at

the higher temperature is included.

The surface morphology of the Co/ZnO and Co/G-ZnO samples before and after annealing
was further studied by AFM. The surface of the fresh Co-ZnO sample (Figure 3.4a) is relatively
flat and continuous, but becomes rougher than that of clean ZnO (Figure 3.2b) and individual
particles can be seen. After annealing Co-ZnO at 350 <C (Figure 3.4b) the surface of this
sample becomes more flat, with as RMS roughness of 0.35 nm and an average height of 1.3
nm. As anticipated, the morphology of the Co deposit on the G-ZnO substrate is significantly
different (Figure 3.4c). Co forms highly dispersed homogeneous particles on the G-ZnO
surface. The Co—Co cohesive energy and the Co—C dissociation energy are the key parameters
that define the energetics of Co morphology on G-ZnO. The Co—C dissociation energy has
been reported to be about 155 kJ/mol,*” and the cohesive energy of Co in a bulk crystal is about
423 kJ/mol.*® However, one cannot simply compare the cohesive energy of Co bulk crystals
with the Co—C bond energy. Considering the size, shape, and structure of the Co nanoparticles
in our case, and based on the surface—area-difference (SAD) model,”*° the Co-Co cohesive

energy could be computed using: E_, = Eb(1—3pLDdhk'), where Eyp is the cohesive energy
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(absolute value) of the bulk crystal; p is the parameter used in determining the coherence
between the nanocrystals and the matrix; a is related to the shape of nanocrystals; dn is the
interplanar distance of (hkl); and D is the size of the nanocrystal. For Co bulk crystal, Ey has
been reported to be 423 kJ/mol. From Figure 3.4c, the Co nanoclusters are found to be spherical
with nanocrystal size (D) ~10 nm, and for spherical nanoparticles oo = 1. It is also well known
that nanoparticles tend to adopt low index surface planes to lower the total surface energy.
Therefore, we assume Co nanoparticles are surrounded by (0001) crystal planes. So, assuming
that spherical Co nanoparticles (o = 1) with (0001) crystal planes on the surface grow on
graphene with a non-coherent interface (p = 1), the Econ is about 395 kJ/mol. This value is much
higher than the Co—C dissociation energy. Hence, formation of 3D particles is favored for Co
on graphene.” After annealing, formation of larger Co aggregates is observed in the AFM image
(Figure 3.4d), as is also deduced by the reduction of the Ico/lzn ratio in the XPS results.

Figure 3.4 Tapping-mode AFM topographic images (500 %500 nm?) of (a) fresh Co/ZnO, (b) Co/ZnO after
annealing at 350 <C, (c) fresh Co/G-ZnO and (d) Co/G-ZnO after annealing at 350 <C

In the HREELS spectrum recorded on Co/ZnO after annealing (Figure 3.2a), the loss
features at 67 and 134 cm™! due to ZnO substrate areas are clearly visible. In the presence of
the graphene interlayer, after annealing, a very weak signal at about 70 meV coincides well

with the more intense ZnO phonon and might come from uncovered ZnO areas within the grain
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boundaries of graphene nanocrystals. The minor contribution of this peak to the overall
HREELS signal confirms the effective screening of ZnO phonon losses by graphene, even after

cobalt deposition and annealing.

3.3.3 The stability of graphene

Having shown the important influence of graphene interlayer on the Co—ZnO interaction,
we discuss the stability of the graphene layer upon UHV thermal treatment. As has been shown
earlier, the frequency, the width, and the relative intensities of Raman peaks are sensitive to
the strain, the number of defects, and the charge doping within the graphene layer.?>°0-%2 |n
Figure 3.1a, the Raman spectra of G-ZnO and Co/G-ZnO samples after annealing at 350 <C
are shown. In addition, the position and the full width at half-maximum (fwhm) of the G and
2D bands are summarized in Table 1, along with the intensity ratios between the main Raman
bands. The Ip/lc band intensity ratio has been used to estimate the defect density of the
graphene layer.>! In general, higher I/l ratios are indicative of higher degree of defects. The
relatively low Ip/lg ratios before and after annealing shown in Table 3.1, suggest a low defect
density that is not significantly affected by the cobalt deposition and the heating treatment. It
has been reported that deposition of metals such as Pd,>® Ti,>® Ni* and Co> on graphene can
induce defects sites due to the chemical interaction between metals and graphene. However, in
our case, the low defect density of graphene might be attributed to the relatively low deposition
amount and the short duration time as well as the flash annealing condition.

Table 3.1 The G band and 2D band FWHM and positions and the intensity ratios for G-ZnO under various
treatments (estimated error 1.5 cm™).

S | Position G G FWHM Position 2D 2D FWHM | Intensity ratio | Intensity ratio
ample

(cm?) (cm?) (cm?) (cmt) In/le ln/lG
G-ZnO 1591 17 2676 44 0,15 2,26
G-ZnO annealed 1586 33 2689 58 0,10 1,72
Co/G-ZnO

1598 11 2693 40 0,10 1,30

annealed

EtOH+G-ZnO

1587 67 2698 43 0,64 0,49

annealed

Apart from the defects, Raman peaks can be informative about the mechanical strain within
the graphene nanocrystallites. It has been proposed that mechanical strain induces a larger
Raman shift of the 2D peak compared to that of the G band, followed by increase in the peak’s

fwhm.?® On the basis of this argument and of the information presented Table 3.1, we can
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deduce that annealing at 350 <C induces more strain within graphene as compared to the fresh
G-ZnO sample. Indeed, the relative position of the 2D and G peaks is enlarged by 19 cm™,
while the 2D peak fwhm becomes broader than that of the fresh G-ZnO sample by 30 %.
Although defects and strain phenomena are usually interconnected,> we propose that the
interaction between the graphene layer and ZnO is accountable for the observed strain since,

as mentioned above, the defect density remains the same.

In the case of Co/G-ZnO, the Raman spectrum is characterized by an upshift in the G
position and a significant decrease of its fwhm. In addition, the lop/lg ratio is further decreased.
Previous studies have shown that such spectral modifications are induced by the electrical
doping of graphene.??8 The type of doping can be determined from the relative shifts between
the G and 2D bands. In particular, the upshift of the G band position and the downshift of the
2D band indicates n-doping of graphene, whereas the upshift of both G and 2D bands implies
p-doping.>” As shown in Table 3.1, both the G and the 2D bands upshift compared to G-ZnO
sample, suggesting an electron withdrawn from graphene toward the cobalt adlayer and
therefore p-type (hole) doped graphene. Of course one cannot exclude the possibility of charge

transfer interaction with the ZnO support, catalyzed by the presence of the cobalt overlayer.

It is interesting to note here that previous studies reporting that when gold nanoparticles are
attached on graphene, there is electron charge transfer from graphene to the Au particles.5°
However, DFT calculations predicted the reverse trend for cobalt, i.e. charge transfer from Co
to graphene and n-type graphene doping,®®® which comes in contradiction our experimental
results. Since the Raman measurements were carried out at atmosphere condition, supported
Co nanoparticles should be oxidized immediately after exposure in air. Thus, unlike metallic
Co where electrons are transferred towards graphene, for oxidized cobalt electrons are
transferred from graphene to CoO. This leads to the p-type dope of graphene, which has also

observed in other works.®!

Recently it was suggested that, apart from Raman spectra, the C 1s binding energy shifts
can be used in order to evaluate charge transfer phenomena between graphene and substrate or
overlayer structures.*51:52 However, here we did not observe any binding energy shift in the C
1s spectra of graphene before and after cobalt deposition and annealing (the spectra were
identical within the experimental error of 0.1 eV). There are two possible reasons that can
explain the stability of the C 1s binding energy in our work. First, it is likely that the charge
doping of cobalt in graphene is lower, compared to the other cases and therefore the shift of C
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1s peak is much smaller and difficult to observe. According to Dahal et al.®? the C 1s core level
shift of graphene in contact with a metal is correlated with the work function of the metal. In
particular, graphene doping from metals with work function around 5 eV is limited and do not
induce any binding energy shift to the C 1s peak. This can explain the absence of the C 1s
binding energy shift in our case, since the work function of cobalt is reported to be around 5
eV.% Another possible reason is the influence of the final state effects on the binding energy
shifts. We recall that the binding energy measured in a photoemission experiment does not
directly reflect the state of the atom before photoemission (initial state), but is also affected by
the redistribution of all surrounding electrons after photoemission in order to screen the core
hole (final state effects). The effectiveness of the core hole screening depends not only on the
particular element (intra-atomic screening), but also on the surrounding environment, i.e., atom
co-ordination number and interaction with the support (extra-atomic screening). Therefore, it
is possible that the magnitude of the C 1s peak shift upon doping is influenced by differences
in the final state effects among different systems, and might be not a safe indicator of the charge

doping.

The stability of graphene layer on ZnO was also tested upon ethanol exposure/desorption
cycles in the UHV chamber. The Raman spectra recorded after three repeated ethanol
exposure/desorption cycles show significant increase of the Ip/lg intensity ratio along with a
considerable broadening of the G and D bands (see Figure 3.1a and Table 3.1). Similar Raman
spectra features have been recently ascribed to significant structural disorder of graphene due
to the formation of defects.®® Figure 3.5 shows the optical microscopy (OM) images and the
corresponding Raman spectra of G-ZnO after ethanol exposure/desorption. From the OM
images, it can be seen that the initially intact graphene layer was fragmented in smaller
graphene flakes of 5 to 20 pm size after ethanol exposure. In addition, mico-Raman
measurements in points with different OM image contrast confirm the presence of micro-
boundaries, where the ZnO substrate is not covered by graphene. The micro-Raman results are
also supported by the decrease of the C 1s to Zn 2p signal ratio after ethanol exposure (see
Figure 3.6). This is a quite remarkable result, since graphene is generally considered to be
chemically inert to the interaction with gases. In addition, liquid ethanol was used for the
removal of the PMMA layer without producing significant defect density (seeFigure 3.5a). This
indicates that during the desorption cycles ethanol reacts with graphene, possibly with dangling

carbon bonds at the edge/boundaries of graphene introducing defects.
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Figure 3.5 Optical microscopy images of (a) G-ZnO sample after annealing in UHV and (b) G-ZnO sample
after annealing in UHV and 3 repeated ethanol exposure/desorption cycles. Raman measurements in points
A, B, C and D shown in the Figures. (a) and (b) are included.
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Figure 3.6 The evolution of the XPS C 1s to Zn 2p intensity ratio of G-ZnO sample exposed to ethanol at -
150 <C and subsequently annealed up to 350 <C.
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The results presented above can inspire new strategies to control the metal—support
interaction in applications where the surface modification without the influence of the bulk
characteristics of a material is required. This can be directly applicable in heterogeneous
catalytic reactions where strong interaction between the active phase and the support has been
blamed for the catalysts’ deactivation. For example, cobalt on oxide supports is used in two
industrially relevant reactions, namely, the carbonylation of glycerol and the Fischer—Tropsch
process. In both cases, strong metal support interaction induces formation of mixed cobalt-
support oxides, which are difficult to reduce and cause irreversible deactivation.®®®” Using a
model system we show here that graphene can prevent diffusion phenomena at the metal/oxide
interface upon thermal treatment and eventually suppresses metal oxidation. Apparently, in
industrial applications, easily scalable preparation methods of the graphene/oxide interface
should be used, like, for example, via graphene oxide precursors,%® while the stability of
graphene under reaction conditions should be improved. However, cobalt/graphene and
graphene/ZnO composite materials are already investigated for optoelectonic, photocatalytic,
electrochemical and many other applications. In general, we believe that the results presented
here do not concern only the particular Co—ZnO interface, but might be of broad interest in

applications where metal—oxide or oxide—graphene interfaces play a key role.

3.4 Conclusions

Summarizing, CVD-grown single layer graphene was transferred onto ZnO(0001) and
subsequently Co was deposited in order to investigate the effect of graphene interlayer on the
Co—ZnO0 interaction. It is shown that graphene could effectively prevent the oxidation of Co
by the ZnO support and decrease cobalt dispersion. Raman results indicated graphene was in

p-type doping upon Co deposition and UHV annealing, but relatively low defect density.
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4.1 Introduction

Cobalt is a transition metal which is employed as a catalyst in a variety of important
chemical reactions. Notably, it is a selective Fischer—Tropsch synthesis (FTS) catalyst, which
is an industrial process to convert synthesis gas (CO and H») to synthetic liquid fuels and
valuable chemicals.}? In recent years, cobalt-based catalysts are gaining extensive interest in
reactions using hydrocarbon reforming to produce renewable fuels.>* For most of their catalytic
applications cobalt particles are supported on suitable supports, typically metal oxides, with
the aim to increase their dispersion and enhance their stability at aggressive catalytic reaction
conditions (usually high temperature and pressure). The role of the support, and in particular
of the cobalt-support interaction on the catalytic properties, remains an open question, even if
it is widely acknowledged that the support affects the cobalt particle size, reducibility and
stability.> For example, in FTS reaction Al>Os support is considered crucial for the formation
of small cobalt particles, but on the other hand it deteriorates the catalytic performance by
formation of inactive cobalt species, such as cobalt aluminates, which are difficult to reduce.®
Catalytic supports based on silicon oxide are considered to have a relatively weak interaction
with Co, forming rather large cobalt particles which are easier to reduce as compared to the
smaller ones.” However in some cases, under extreme reaction conditions formation of
inactive cobalt silicates is unavoidable.! ZnO is another commonly used support for cobalt-
based catalysts, with potentially promising applications in alcohol oxidation and reforming for
hydrogen production®® and recently for FTS reaction as well'°. During ethanol steam reforming
reaction ZnO has been reported to strongly interact and oxidize Co, while diffusion of cobalt
into ZnO lattice at high temperature is also possible

Carbon-based materials, such as carbon nanotubes and carbon fibers, are studied as possible
substitutes of oxide supports in many catalytic reactions, since they promote the oxidation
stability of the metal and have some certain advantages such as high thermal conductivity.
However, it is difficult to prepare pelletized carbon materials with high mechanical stability*?
and the high cost of CNTs is also a major problem.'® Graphene is potentially promising as a
catalyst support due to its high mechanical stability, high thermal conductivity and high
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electron mobility. Nonetheless, free-standing single-layer graphene is often corrugated and
wrinkled in unpredictable ways, or even recombines to form the so-called few-layer graphene.
This will unavoidably affect its unique properties and calls for suitable supports where the 2D
nature of graphene can be constrained.

Graphene-protected oxides could be a good compromise for a new class of catalytic supports
combining the desirable macroscopic properties of oxides (thermal stability, microstructure
etc.), and the metal-support interaction of carbon-based materials. The interaction of metal
particles with graphene grown over metals*® and nonmetals such as SiO,}""'® and SiC%22
has been reported, even so very limited studies focus on catalytic-relevant oxide substrates.'
In chapter 3, we have shown that single layer graphene can dramatically influence the
interaction between Co and ZnO?3 and protect Co from being oxidized by ZnO upon vacuum
annealing. In the work presented in this chapter, we deposit cobalt over graphene on planar
ZnO and SiO> substrates and perform a comparative study of its redox properties upon near
ambient pressure O» and H> gas exposure. The motivation behind this work is to describe the
effect of oxide-supported graphene on the metal-support interaction using model systems

resembling realistic catalysts.

4.2 Experimental Methods
4.2.1 Materials

The substrates used for cobalt deposition can be categorized in bare planar oxide substrates
(SiO2, ZnO(0001)), the same substrates being covered by single-layer graphene (G/SiOs,
G/ZnO) and highly oriented pyrolytic graphite (HOPG), which will be used as the bulk
reference of graphene. Samples for low pressure study were deposited with Co for a period of
5 min and with a constant evaporation rate of 0.07 nm/min, while the deposition condition for
medium pressure study was 10 min with a rate of 0.08 nm/min. Details of sample preparation
can be found in Chapter 2, section 2.1.

The cobalt overlayer thickness was calculated through quantification of XPS results based
on a number of simplifying assumptions,?* suitable for flat and homogeneous samples with
negligible elastic scattering of photoelectrons (please referring to section 2.2.1.5). The
calculated values are shown in Table 4.1. It will be shown in the AFM results that Co forms
relatively flat layer on ZnO and SiO2 which meets the assumptions of the calculation. On
G/ZnO, G/SiO, and HOPG, Co forms nanoparticle structure, in this case, this method will
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underestimate the Co thickness. However, since Co was evaporated under identical conditions
(i.e., evaporation flux rate, duration and substrate temperature), the Co amount is assumed to

be the same.

Table 4.1 Calculated Co thickness.

Samples Co/ZnO | Co/SiO2 & Co/G/ZnO Co/G/SiO2 Co/HOPG
Co thickness for Low pressure study (nm) 0.32 0.35 0.17 0.16 0.14
Co thickness for Medium pressure study (nm) 0.80 0.79 0.48 0.54

4.2.2 Characterization

The low pressure redox experiments and the XPS measurements were carried out in the
UHYV system described in Chapter 2, section 2.3. The sample was mounted on a molybdenum
sample holder (see Figure 4.1a) which could be heated either by the resistance mode of a
tungsten filament or by electron bombardment mode heating (for temperatures higher than 300
C). Experiments were performed using Al Ka source and X-ray photoelectron spectra were
recorded at normal (0O degrees) and at grazing (80 degrees) take-off angles. Oxygen and
hydrogen exposure of samples was carried out in the main chamber by leak valves and the
pressure was monitored by an ion gauge. Each oxidation temperature was kept for 0.5 h while

flash annealing was used for the reduction step.

The medium pressure redox study and X-ray photoelectron spectroscopy (XPS)
measurements were carried out in the VSW UHV setup (base pressure 1x10° mbar) (see
Chapter 2, section 2.3). A monochromated Al Ka X-ray source (1486.6 eV; anode operating at
240 W) was used as the incident radiation. The oxidation/reduction treatments were carried out
in 1 litter volume flow-through an ambient pressure reactor attached to the UHV setup. Samples
were mounted on the sample holder which was designed to be able to work under high pressure
conditions (see Figure 4.1b). Each oxidation/reduction step was performed by annealing for 30
min at various temperatures in 7 mbar Oz or Hz with a leak rate of 40 mbar I/s, respectively.
Subsequently the sample was cooled at room temperature in gas, pumped down to 5x10® mbar

and was immediately transferred under vacuum into the analysis chamber for characterization.

The oxidation state of cobalt is represented here by the average valence state x (Co**). These
values are computed from the areas of Co30s, CoO and Co components, obtained by
deconvolution of the overall Co 2p spectra, under the assumption that the atomic sensitivity

factors are the same for all states. This represents valence states x of 2.67, 2 and 0 for C0304,
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CoO and Co respectively. The Co/substrate peak area ratio (R) was calculated using the
integrated XPS peak area of Co 2p and that of the more intense substrate peak (Zn 2p and Si
2p for ZnO and SiO>, respectively), normalized to the atomic sensitivity factors®. In case of
graphene-coated oxides, the C 1s signal was also admeasured with the substrate signal. A
reference Co/ZnO (0001) sample was investigated by Near-edge X-ray absorption fine
structure spectroscopy (NEXAFS) at the ISISS beam line at Helmholtz Zentrum, Berlin.?® The
sample was measured in the total electron yield (TEY) mode after 2 hours treatment at 320 C
in 0.3 mbar H..

Figure 4.1 The two type of sample holders used for the a) UHV and low pressure gas exposure and b)
medium pressure gas exposure experiments.

Raman spectra were acquired at room temperature and atmospheric conditions using a
micro-Raman spectrometer (Horiba LabRam), with excitation wavelength of 532 nm. A 100x
objective was used to focus the excitation laser to an approximately 1 um spot with a laser
power of less than 1 mW to avoid heating and damage the sample. Scanning electron
microscopy (SEM) measurements were performed using Jeol JSM-6700F (Japan) electron
microscope at accelerating voltage of 10 kV. The morphology of the samples was mainly
investigated by an AFM microscope (NTEGRA Aura from NT-MDT) at ambient conditions
and under tapping mode operation.
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4.3 Results and discussion. Part I low pressure redox behavior
4.3.1 Characterization of the as-prepared samples

The quality of graphene layer after transfer and before cobalt deposition was verified by
Raman spectroscopy and SEM microscopy (please refer to supporting information in
appendices). These results show that graphene layer is flat and uniform with some instinct
bilayer islands and some wrinkles. Consequently cobalt was evaporated in vacuum over the
various supports using identical conditions. In situ X-ray photoelectron spectroscopy (XPS)
and ex situ atomic force microscopy (AFM) were used to probe the chemical state and the
morphology of cobalt deposit prior to any treatment (Figure 4.2). For all samples the XPS Co
2p32 peak at 778.2 eV is asymmetric (c.a. 782 eV) due to the energy loss features and has a
shoulder to the low energy side assigned to the Co LsMasMas Auger signal.2” Comparison of
the XP data shows great similarities in the spectra of oxide and carbon supported cobalt. A
slightly enhanced intensity around 782 eV in the case of the Co/ZnO sample, proposes a
superimposition of ionic Co?* features which appear in this region, however the low intensity

of the peak does not allow a reliable quantification of this feature.

The AFM topography images on bare SiO2 and ZnO substrates show the formation of a
uniform Co layer which follows the locally high and low features of the substrate.?® This
indicates that the initial Co deposition process on oxides approximates that of a layer by layer
growth mode in agreement with previous studies.?>? On the contrary on carbon substrates
cobalt forms individual, homogenously-dispersed, nanoparticles with an estimated average
particle size of ~10 nm on G/ZnO and G/SiO; and ~16 nm on HOPG. The enhanced mobility
of cobalt adatoms over the carbon support as compared to oxides is accountable for the cobalt
nanoparticles formation, in accordance with previous studies of cobalt on graphene and
amorphous carbon supports.®3°3! Liju et al*” found that the diffusion constant of an Au adatom
over a single layer graphene supported on SiO; is ~800 times higher compared to that for
graphite, which was attributed to the higher local surface roughness of SiO, and the less
reactive of HOPG surface. Notably, graphene-supported Co forms smaller particles than
HOPG, which indicates differences in the Co adatoms diffusion in the two cases. This is
correlated with previous studies of Au'®, Ag® and Pd*® on graphene which have shown that the
metal particle morphology depends on the number of graphene layers, (i.e. the fewer the
graphene layers, the smaller the metal particle size) due to the lower diffusion barrier on multi-

layer graphene. Here we show that Co morphologies on oxide, graphene and HOPG substrates
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show different diffusion behavior, even if the interaction between Co and graphene is stronger
than that of Au.>

T ¥ T . T b T o T . T b T ' T . T . T v T ¥ T

Co2p,,

Intensity (a.u.)

g —
790 785 780 775 770 765 760 755 750 745 740 735 730
Binding Energy (eV)

Figure 4.2 Co 2pa2 XPS spectra and tapping mode AFM topographic images (500 x 500 nm?) of 0.35 nm Co
deposited under vacuum on 5 different supports at room temperature.

4.3.2 Oxidation and reduction at 5 x 10”7 mbar

A set of Co 2ps2 XPS spectra obtained from 0.35 nm cobalt deposited on ZnO and G/ZnO
substrates and consequently exposed to 5x10” mbar Oz and Hz is shown in Figure 4.3 a. For a
complete series of spectra of all samples as a function of the annealing temperature please refer
to supporting information in appendices. In Oz the Co 2ps. spectrum is broad indicating the
superposition of spectral features due to more than one cobalt oxidation states. Peak fitting
using reference peaks suggests that cobalt is partially oxidized to a mixture of CoO (with a
Co?* peak at 780.6 eV) and metallic Co® (with a component at 778.2 eV). Simple comparison
of the Co 2ps2 spectra on the two supports reveals that cobalt on G/ZnQO is less oxidized than

on the ZnO support. Comparison of the Co 2ps/2 peaks in the maximum annealing temperature
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in Hz shows significant differences in the two substrates. In particular, over G/ZnO oxidized
cobalt is fully reduced to Co® while on the contrary over ZnO cobalt is oxidized even further to
the CoO face.

The portion of metallic and CoO components in the Co 2p XPS spectrum can provide
information on the average valence distribution of Co cations on the surface. The variation of
the average Co valence as a function of the annealing temperature in Oz and Hx can be seen in
Figure 4.3b. There is a clear difference in the Co valence evolution between oxide and carbon
supports both in Oz and H> exposure. In O cobalt on bare oxides (ZnO, SiO,) is oxidized to a
large extent (around 1.7 at 100 <C), while on carbon substrates the oxidation is limited (about
1at 100 <T). lonic cobalt is formed already at room temperature oxygen exposure and increases

only slightly upon higher temperature oxidation (100 <C).

The reduction of CoO in Hz depends very much from the support, with carbon substrates
dramatically decreasing the reduction temperature. Besides there are also distinct differences
between bare ZnO and SiO- supports. In particular, on ZnO reduction of CoO starts at 150 °C
and continues up to 250 °C, while above this temperature Co starts to re-oxidize up to formation
of 100 % CoO at 350 °C. On the other hand on SiO> support CoO is gradually reduced with
temperature, up to complete reduction to Co at 600 °C. In Chapter 3, we have shown that Co
can be oxidized by ZnO substrate during UHV annealing due to the solid state reaction at the
interface. Thus, annealing of Co/ZnO in low pressure H> combines two parallel processes: a
reduction reaction by gas phase Hz up to 250 °C and a dominant oxidation interfacial interaction
with the ZnO support at higher temperature. In the case of SiO2 support the interfacial oxidation
does not occur and cobalt oxide is reduced either by gas phase H> or by thermal simple
decomposition. As in the case of oxidation, carbon-based samples (Co/G/ZnO, Co/G/SiO> and
Co/HOPG) exhibit similar characteristics in reducing environment. In particular, in Hz effective

reduction of CoO to metallic Co occurs already at 250 <C.

Figure 4.3c shows the evolution of the peak area ratio between Co 2p and the more intense
substrate peak (Si 2p, Zn 2p and C 1s (for HOPG) as a function of the annealing temperature.
This Co/substrate ratio is indicative of the surface cobalt amount and therefore shrinkage,
agglomeration or diffusion of cobalt into the substrate, will decrease it.3* In order to facilitate
the comparison among the samples, all ratios are normalized according to their initial ratio. As
is evident, the peak area ratio follows the evolution of the Co valence presented in Figure 4.3b.
Namely, in all samples the ratio decreases with temperature, with an exception of Co/ZnQO,
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where re-oxidation above 250 <C is accompanied by an increase of the ratio. One can anticipate
that the higher temperature enhances the kinetics of surface diffusion and favors particles
agglomeration, while oxidation of Co on ZnO in H> creates flat particles and re-establishment
of the original particle morphology.
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Figure 4.3 The Co 2par2 spectra of Co/ZnO and Co/G/ZnO samples after Oz (yellow) and Hz (cyan) exposure
at characteristic temperatures b. The Co average valence and c. the normalized Co/substrate peak area
ratio as a function of the annealing temperature. Two different regions indicate annealing in 5 x 107 mbar

0O2and in 5 x 107" mbar Ha, respectively.

The qualitative XPS finding regarding modification of Co particles morphology upon
annealing can be confirmed from the AFM images taken after oxidation/reduction treatment
(Figure 4.4). On SiO., Co is organized in small and dense nanoparticle arrays of about 10 nm
size, confirming the XPS results of Figure 4.3c, which show intense agglomeration after the
high temperature redox treatment. On the contrary on ZnO, cobalt overlayer remains flat and
particles are not possible to be distinguished, within the lateral resolution of the instrument.
The flat cobalt layer is also justified by the XPS results which indicated oxidation of cobalt to
CoO that has previously reported to form relatively flat layers on ZnO?. In the case of carbon-
based samples, cobalt keeps the homogenously dispersed nanoparticles morphology observed
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in the fresh samples (Figure 4.2), however the size of the nanoparticles after the redox
treatments is enlarged in accordance with the observed decrease in the Co/substrate XPS
intensity ratio shown in Figure 4.3c. Comparison of the cobalt morphology on graphene and
HOPG substrates indicates that graphene-supported cobalt forms in general smaller cobalt
particles. This probably reflects the differences in the Co-substrate interaction, which favors
cobalt mobility on the HOPG support and thus its agglomeration to bigger particles. It also
indicates that although oxidation and reduction of Co on graphene and HOPG process in a
similar way, smaller Co particles are maintained on graphene at all treatment stages.
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Figure 4.4 (a) Top view, tapping mode AFM topographic images (500 x 500 nm?) of Co deposited on 5
different substrates after the high temperature redox treatment and (b) The histograms of Co particle
diameter for the samples with particle structure.

4.3.3 Comparison of normal and grazing angle XPS

XPS measurements of Co 2ps2 at 2 different take-off angles (normal and grazing) were
employed to address the distribution of different cobalt oxidation states within the cobalt
particles. For relatively flat and dense cobalt particles the effective escape depth A of
photoelectrons change with the take-off angle 6, affecting the sampling depth d of the XPS
measurement according t0:33¢ d = 3\ cosé. Thus assuming an average A of Co 1.4 nm®’, by
varying the 6 from 0° to 80° degrees the effective sampling depth (or information depth)
changes from 4.2 nm at 0° to about 0.7 nm at 80< Figure 4.5a shows characteristic Co 2pz.
spectra of partly oxidized cobalt particles supported on ZnO and HOPG at normal and grazing
take-off angles. Comparison of the ionic (Co?") and metal (Co®) cobalt components of the
spectra in the two take-off angles shows a different tendency for the two substrates. In
particular, at grazing angle measurements, the Co?* component is enhanced on HOPG but

declines on ZnO-supported cobalt. The behavior described above is reproduced at Figure 4.5b
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which shows the % atomic fraction of Co?" ions calculated by deconvolution of the Co 2p
spectrum in two components (Co?* and Co?) for normal (09 and grazing (809 take-off angles.
Several oxidation degrees of cobalt supported on HOPG and bare oxides, obtained after O>
treatments up to 100 <C, are included in the graph. As shown above cobalt oxidation on carbon-
based supports proceeds in a similar manner therefore the results on HOPG are representative
also for graphene covered oxides. In the graph of Figure 4.5b, homogenous distribution of Co?*
ions in the volume of cobalt particles should not give any difference in the two collection
angles, therefore the experimental points should coincide with the diagonal line of the graph.
On the contrary, in case of preferential localization of Co?* ions on the surface or the subsurface
of cobalt particles, the experimental points should be above or below the diagonal line,

respectively.
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Figure 4.5 XPS measurement and SESSA simulation of supported cobalt oxidation state (O2 pressure =5
x 107 mbar, temperature < 100 °C) under two different take-off angles (0 ° and 80 °). (a) XPS spectra of
Co/Zn0 and Co/HOPG, (b) Experimental and simulated % CoO atomic fraction under two take-off angles
and (inset) simulation models of Co/ZnO and Co/HOPG. The star points in (b) represent of Co oxidation

by ZnO under UHV annealing condition, recorded as a reference.
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As shown in Figure 4.5, in the case of Co on HOPG, the CoO atomic fraction is
systematically higher at 80as compared to 0<=degrees measurements, while for Co/ZnO the
trend is reversed. This means that on carbon substrates, oxidized cobalt is preferentially located
at the surface of the particles, while on the contrary, on ZnO, a considerable amount of cobalt
oxide at the subsurface, likely at the interface with the support, is noted. For comparison, the
ARXPS results of Co oxidized by ZnO under the UHV annealing condition?? is also shown in
Figure 4.5, where this difference is even more pronounced. Since ZnO but not Oz is the oxygen
source in in UHV, it is obvious that Co is oxidized from the interface of Co and ZnO. Moreover
on SiO; support the experimental points are very close to the diagonal line, suggesting than in

this case Co?* ions are relatively homogenously distributed within cobalt nanoparticles.

To further illustrate the surface composition as given by the angle-resolved XPS
measurements, we use the SESSA®3° software to simulate the ARXPS measurement. A
schematic representation of the employed arrangement models is shown in the inset of Figure
4.5b. Based to the XPS results, layer structure was chosen for Co/ZnO simulation with a
metallic Co layer sandwiched between two CoO layers. For Co/HOPG, we assumed that
oxidation is exclusively at the surface and a layered arrangement was used with a CoO surface
layer over metallic Co. The CoO fractions of several different cobalt oxidation states were
simulated at take-off angles of 0 ° and 80 ° for several layer thicknesses in order to approach
the experimental points. These values are shown in Figure 4.5b as open squares and triangles.
In addition the thicknesses of each layer used to calculate these points are shown in Table 4.2.
It is clear that the simulated values are in good accordance with the experimental results,

confirming the differences in the oxidation behavior of Co on ZnO and carbon surface.

Apparently the arrangement model employed to calculate the thicknesses shown in Table
4.2 is simplified since do not take into account important characteristics of the cobalt layer
structure (e.g. surface roughness, particles of different sizes etc.). However can be used in order
to draw some qualitative information about the cobalt overlayer morphology in the two sample
types. As expected, at higher oxidation degree of Co/HOPG the thickness of CoO surface layer
grows (from point 3 to 1) followed by decrease of Co layer underneath (since the overall cobalt
amount is stable). On the other hand for Co/ZnO, growth of the surface CoO layer (from point
6 to 4) is followed by a parallel growth of the subsurface CoO in contact with ZnO. This is
justified since cobalt oxidation from both oxidation sources (surface and subsurface) is favored

at higher temperature.
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Table 4.2 The layer thicknesses used in SESSA simulation software for the calculation of the points in
Figure 1.5b. The employed arrangement models used in the simulation are inserted in Figure 1.5b. The
overall layer thickness was kept constant (+6 %) and the thickness of each individual layer was varied in
order to obtain values similar to the experimental fraction.

Co/HOPG Co/ZnO
Layer thickness (A) Layer thickness (A)
Points 1%t layer 2nd Jayer Points 1% layer 2nd Jayer 3 Jayer
in Figure 4.5b (Co0) (Co) in Figure 4.5b (Co0) (Co) (Co0)
@ 2.75 2 4) 15 1.25 23
®) 2.5 2.2 (5) 1.4 1.4 2.05
?) 1.9 2.5 (6) 13 15 2

4.3.4 Stability of the graphene layer under redox treatments

The Raman spectra of SiO2 and ZnO supported graphene as well as of HOPG samples both
just after Co evaporation and after the redox treatment are shown in Figure 4.6. The main
features of the Raman spectrum around 1600 and 2700 cm™ are due to G and 2D bands of
graphene. The additional spectral feature for graphene samples at ~1350 cm is assigned to the
D band, which is absent in the disorder-free graphene and requires defects for its activation by
a single-phonon intervalley scattering process. The appearance of this peak indicates that some
defects were introduced into the graphene film during preparation and cobalt deposition, while

the redox treatments partly increase their number but notably do not destroy graphene.

The peak intensity ratio (Ip/lg) is about 0.35 for both Co/G/SiO; and Co/G/ZnQO after redox
treatment. The relatively low Ip/lg ratio suggests that the majority of the defects are due to
graphene edges and sub-domain boundaries,”® possibly caused by the different thermal
expansion coefficients between graphene and the substrates. However, considering the reaction
of Co with graphene during deposition and annealing®* (also will be shown in Figure 4.7), a
small amount of other kind of defects (such as vacancies) is also possible. As expected, there
is no D band on the spectrum of the Co/HOPG sample because in that case Raman spectra are
due to the inner layers of the sample and are not sensitive to the surface defects.*2
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Figure 4.6 Raman spectra for Co/G/ZnO Co/G/SiO2 and Co/HOPG before (red lines) and after (black lines)
the redox treatment

4.3.5 Discussion

According to the above interpretation, the valence and morphology of cobalt are
interconnected and are both strongly affected by the substrate. On ZnO and SiO», Co forms a
relatively flat layer structure which is easier to be oxidized. Angle measurements show that
cobalt oxide is mainly at the interface between Co and ZnO, SiO,. On carbon substrate, cobalt
is organized in nanoparticles which are only partially oxidized in oxygen from the outer
surface. This indicates that the graphene interlayer between Co and substrate could adjust the
morphology of Co and consequently change the oxidation properties. According to the
mechanism of cobalt oxidation by gas phase oxygen,**** dissociatively adsorbed oxygen
diffuses into the Co layer in order to establish a quasi-octahedral ligand field with formation of
CoO0. Since Co forms nanoparticles on G/ZnO, G/SiO; and HOPG, after a layer of CoO is

formed, dissociation and deeper diffusion of oxygen into the core of the nanoparticles is limited
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by the low temperature slow kinetics. Thus, only the outer layer part of Co is oxidized to CoO

for the carbon-based sample.

Freund et al*>* has reported the preferential oxidation of Pd at its interface with FesO4
support, in accordance with our observations of Co oxidation on ZnO and SiO». Oxidation of
Co might occur by direct transfer/spillover of oxygen species from the support to the
nanoparticles. An alternative explanation is oxidation by surface OH on ZnO. Formation of
OH groups have been previously reported on polar ZnO surfaces prepared under UHV
conditions due to the adsorption of residual Hz or H.O, which are always present in the UHV
environment, on the ZnO surface.*’*® Oxidation of Co by the OH groups on ZnO(0001) has
been observed at a low Co loading (0.1 nm)*°; this could be a driving force for interface CoO
formation and it can also explain the higher oxidation degree of Co at the interface of Co and
ZnO than SiOa.

The reduction of CoO is mainly influenced by its interaction with the support especially at
elevated temperatures. Co has strong chemical interaction with ZnO which leads to its
oxidation to CoO even in the presence of H> (at least for the low exposure pressures used here).
With a single interlayer of graphene , reduction of CoO in Hy is considerably facilitated, since
the single graphene layer can efficiently block the transfer of oxygen from ZnO to Co.2% Under
the same conditions, an extent solid reaction between Co and SiO: is not observed, however
the complete reduction temperature of CoO is as high as 600 °C. Notably, even in the case of
SiO2 where there is no oxidative solid state reaction between cobalt and the support, graphene
really facilitates reduction. Although the cause of the reduction temperature difference is not
clear, one should note that the Co-C interaction is lower than Co-SiO2, which might have an
effect on the reduction temperature. Another possibility might be the very small size of CoO
NPs over SiO, which is more resistant to reduction as we have shown previously.>® What is
interesting is that the oxide substrate beneath the graphene layer (ZnO or SiOz) has no

pronounced effect to the redox process.
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4.4 Results and discussion. Part Il1: medium pressure redox
4.4.1 The as-prepared samples

The quality of the graphene layer transferred on the oxide substrates before and after cobalt
deposition is demonstrated by the Raman spectra shown in Figure 4.7a. The two intense peaks,
the G band at 1580 cm™ and 2D band at ~2700 cm%, are due to the in-plane vibrational (Ezg)
mode and the two phonon intervalley double resonance scattering of graphene,>2
respectively. The narrow symmetric 2D band and the relatively low G/2D band intensity ratio
can be used as safe indicators of single-layer graphene formation.>! The C 1s XPS spectra
shown in Figure 4.7b, consist of a single asymmetric component at 284.8 eV, shifted of about
0.4 eV higher than that of the HOPG samples measured in the same setup, in agreement with

previous reports.>3%

After cobalt deposition and prior to any treatment, two additional features at ~ 1350 cm™
and 1625 cm™ appear in the Raman spectrum. The peak at 1350 cm™ is assigned to the D band
and is activated due to a single-phonon intervalley process due to the presence of defects at the
graphene lattice (edges, vacancies etc.). The other one, known as D’ band, is activated by an
intervalley scattering process, which also requires defects. It is therefore evident that vacuum
deposition of 0.8 nm of cobalt at room temperature induces defects on the graphene layer. The
C 1s spectra after cobalt deposition show the appearance of a new peak feature at the low
binding energy side of the main peak. The binding energy of this new component at 283.7 eV
is characteristic for carbon dissolved in metals,® i.e. carbide formation. This proposes a
plausible mechanism for the creation of defects observed after cobalt deposition on graphene;
a chemical interaction takes place at the interface of Co and graphene through a carbon
dissolution-precipitation mechanism. This interaction is responsible for the formation of local
defects on graphene, in its contact with the Co overlayer and can be possibly enhanced while
annealing.** However, chemical interaction and defect formation can be also responsible for
the creation of anchor sites of the cobalt particles on graphene, which in turn may stabilize their

size and morphology.

The intensity ratio of D and D’ peaks can be used to describe the distinctive nature of the
defects over graphene.® In particular, the Io/lp- ratio changes from ~13 for sp3-carbon, to ~7
for vacancy-like defects and down to 3.5 for boundary-like defects with low defect
concentration. The Ip/Ip- ratios for Co/G/SiO2 and Co/G/ZnO were calculated to be 4.89 and

4.62, respectively, possibly due to a mixture of boundary-like defects and vacancy-like defects.
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Figure 4.7 (a) Raman and (b) C 1s XPS spectra of graphene transferred on SiOz and ZnO substrates before
and after vacuum deposition of 0.8 nm cobalt at room temperature.

Topography AFM images are used to probe the morphology of the cobalt deposit over the
supports prior to any treatment (Figure 4.8). After deposition on the ZnO surface, Co forms a
relatively flat layer, which indicates that the initial cobalt deposition process approximates the
layer by layer growth mode.?®?%5" The surface morphology of Co/SiOz is quite similar with
that of the Co/ZnO sample, i.e. a uniform Co layer is formed?® and locally follows the high and
low features on the SiO.. On the contrary over G/ZnO and G/SiO2 supports, cobalt seems to
form individual, homogenously-dispersed, nanoparticles. The enhanced mobility of cobalt
adatoms over the carbon support is accountable for the cobalt nanoparticles formation, in
accordance with previous studies of cobalt on graphene and amorphous carbon supports.3%:23:31
Comparison with the AFM images in Figure 4.2, where 0.35 nm Co was deposited on each
substrate, reveals that the deposition of a higher amount (0.8 nm) of Co does not significantly

change the surface morphology.
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Figure 4.8 Tapping mode AFM topographic images (500 x 500 nm?) of 0.8 nm Co deposited on four
different supports before any treatment. The RMS values of the surface roughness are given in each figure.

4.4.2 Annealing in Oz ambient

The Co 2ps;2 XPS spectra of the fresh Co/ZnO and Co/G/ZnO substrates after O treatment
at various temperatures are shown in Figure 4.9. The spectra recorded over SiO,-supported Co
particles under identical conditions are presented in supporting information in appendices. The
Co 2p peak appears at 778.3 eV just after preparation (fresh) indicating that the as-prepared
cobalt is initially metallic. After exposure in 7 mbar O at room temperature the main Co 2ps.2
peak is shifted at 780.4 eV and is accompanied with an intense satellite at the high BE side that
is typical for CoO formation.® Increasing the temperature to 250 <C induces a shift of the Co
2p32 peak at 779.8 eV while the satellite peak broadens and becomes less intense. These
features are characteristic of spinel bulk-like C0304.2® The spectra recorded on bare and
graphene-protected ZnO look very similar, pointing to a comparable oxidation behavior in the
two cases. The evolution of the cobalt oxidation state during the O2 treatment, as deduced by
the analysis of the Co 2p XPS spectra, is represented in Figure 4.9b by the average valence
state Co™ (an example of peak deconvolution can be found in supporting information in
appendices). In this graph it is evident that apart from small differences observed at 200 <C,

the substrate has almost no impact on the oxidation process. This suggests that cobalt oxide
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formation is kinetically and thermodynamically favored under the current oxidation conditions
(pressure and temperature) and is not notably influenced by the morphological differences of

the cobalt layer observed in the AFM images of Figure 4.8.
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Figure 4.9 (a) Co 2p XPS spectra acquired from fresh Co/ZnO and Co/G/ZnO samples and after oxidation
in 7 mbar Ozat 25 and 250 <C, (b) evolution of the Co average valence state (Co**) and (c) the Co/substrate
XPS peak area ratio normalized to its room temperature value, as a function of the oxidation temperature.

Changes in the cobalt surface area at each annealing stage can be monitored by following
the modification of the Co 2p to the substrate XPS peak area ratio. This ratio is influenced by
changes in the cobalt particles morphology and size, diffusion of cobalt into the substrate or
migration of foreign species over it. In Figure 4.9c it is shown that the Co/substrate peak area
ratio is practically constant over all substrates, even if a small increase is observed on G/ZnO
at the maximum annealing temperature (250 <C). This increase might be caused by flattening
of the initially round cobalt particles due to improved wetting of the substrate induced by
oxidation.” However, the general trend of Figure 4.9c is that during the oxidative annealing
process cobalt nearly retains its morphology, while migration or bulk diffusion phenomena
should be neglected based on the above arguments.
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4.4.3 Annealing in H2 ambient

The reduction of supported Coz04 particles at various annealing temperatures in 7 mbar Ho
is studied next. The cobalt average valence state and the Co to substrate intensity ratio are
presented in Figure 4.10. The evolution of Co** in Figure 4.10a indicates that in all cases, Co3z04
follows a two-step reduction process: Co30s — CoO — Co in agreement with previous
reports.>®>° However, the reduction temperature of cobalt oxide is significantly influenced by
the substrate. In particular, cobalt oxide supported on graphene is being reduced at lower
temperature as compared to that on the oxide substrates. This counts for both reduction steps
(C0304 — Co0 and CoO — Co) and in addition the Co*" value is systematically lower on
G/ZnO than on G/SiO». The variations in the reduction temperature of cobalt oxide can be a
direct consequence of differences in the cobalt particle size, which in turn is associated with
the strength of the cobalt/support interaction. Overall, results in Figure 4.10a clearly indicate
that the graphene layer on both ZnO and SiO> decreases the activation energy of Co30s — CoO

and CoO — Co transitions.

The AFM images in Figure 4.8 combined with the XPS results in Figure 4.9c, suggested
that the morphology of the cobalt particles on ZnO and SiO2 is more flat as compared to that
on the graphene substrates. Carbon materials are considered to be inert support materials which
have little interaction with Co®® and therefore the reduction of Co oxides on the carbon material
should be easier than on ZnO and SiOx. In general, higher reduction temperatures are necessary
in order to reduce Co oxides supported on strongly interacting surfaces.52%?The Co-SiO;
interaction is relatively weak compared to the Co-ZnO one, thus Co can be completely reduced
at 400 °C, while on bare ZnO cobalt re-oxidizes at 400 <C. This result seems surprising keeping
in mind the highly reducing gas atmosphere of 7 mbar H> used in this experiment. Note that
the Co 2p photoelectron peak is not sensitive to the different crystal structures of cobalt
monoxide,?®>° therefore NEXAFS measurements were performed to distinguish between
tetrahedrally and octahedrally coordinated Co?* ions. The Co L edge NEXAFS spectra
measured at Co/ZnO (0001) samples after treatment at 360 <C in 0.2 mbar H> (shown in
supporting information in appendices) have clear characteristics of tetrahedrally coordinated
Co?*ions. As has been described previously,®® Co?* ions can enter into the wurtzite ZnO lattice
and substitute Zn?* ions forming a mixed CoZnOx spinel phase. Therefore one can claim that
at higher annealing temperature a strong interaction takes place at the Co-ZnO interface, which
leads to a mixed CoZnOx oxide formation. This is consistent with our previous results in

Chapter 3, where we have shown that oxidation of Co by the ZnO single crystalline support
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can take place upon vacuum annealing through a solid state reaction: Co + ZnO— CoO+
Zn.%4 Besides, recently we reported the formation of a mixed Zn1.xCoxO oxide for cobalt
nanoparticles supported on ZnO nanowires. This oxide was unreducible in 0.2 mbar H; at
temperatures as high as 400 <C.%° The present study shows that oxidation at cobalt/ZnO is a

general property of this interface, with little influence of the gas phase environment.
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Figure 4.10 XPS results of oxidized samples in 7 mbar H: at various annealing temperatures. (a) Evolution
of the Co average valence state (Co**) and (b) the normalized Co/substrate peak area ratio as a function of
the annealing temperature

Figure 4.10b shows the evolution of cobalt to substrate peak area ratio as a function of
temperature after the Hy treatment. During the reduction of Coz04 to CoO (200 <C for graphene
and 250 <C for bare oxides), the Co/substrate ratios for all samples are almost stable, indicating
insignificant changes of cobalt particles’ morphology at this stage. At higher temperature, CoO
is reduced to Co and the Co/substrate area ratio gradually decreases pointing to significant loss
of the cobalt surface area. This reflects the coalesce and shrinkage of Co particles during the

reduction procces.>”8 It is interesting to note that in the case of ZnO substrate at 400 <C the
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ratio increases again following the re-oxidation of cobalt by the support, which implies a re-

dispersion process of Co at the ZnO surface.?>

The AFM images (Figure 4.11) confirm that the surface morphology is strongly modified
by the redox treatment as compared to the fresh samples. The high root mean square roughness
(RMS) values indicate that in all cases cobalt particles grown in size. The average Co particle
diameter as estimated by the AFM image analysis (Figure 4.11) is about 19 nm for Co
supported on G/ZnO and G/SiO2, 18 nm for Co/ZnO and 13 nm for CoSiO>. The particles size
differences in the AFM images are in accordance with the observed modifications in the XPS

intensity ratios shown in Figure 4.10.
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Figure 4.11(Top) Tapping mode AFM topographic images (500 x 500 nm?) of 0.8 nm Co deposited on four
different supports after the oxidation/reduction treatment. (Bottom) Histograms for the Co particles
diameter distribution obtained by analysis of the above AFM images.

The ratio Rredox/Rresh between the fresh (Rfresn) and redox treated (Rredox,) Samples can be
used to estimate the degree of Co particles agglomeration. Particularly lower Rredox/Rfresh ratio
corresponds to higher agglomeration (lower surface area) of cobalt due to the redox treatment.
The experimental Rredox/Riresh ratios shown in Figure 4.12 imply that graphene-supported cobalt
loose more surface area during redox treatment as compared to the oxide substrates. To
quantify this, we simulate the Rredox/Riresn ratio employing SESSA software.®33 The simulation
model consists of Co islands on planar substrate with different particle size (volume) and
density (see supporting information in appendices). The average diameter and height of Co
nanoparticles found by the AFM image analysis were used as a base to simulate the Rredox/Rfresh
ratio after the redox treatments. Then the distribution of cobalt on the fresh samples was
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estimated so as the theoretical and experimental Rredox/Rfresh ratios are converging. As shown
by the schematics in Figure 4.12, the high surface diffusivity of cobalt on graphene, due to the
weaker Co-graphene interaction causes the growth of cobalt to bigger particles after treatment.
Although the XPS simulation seems to underestimate the cobalt particles size as compared to
the AFM images, it clearly suggests that graphene-supported cobalt forms less dense and bigger

particles as compared to the oxide-supported.
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Figure 4.12 Comparison of simulated and experimental XPS intensity ratios of four different samples and
schematic representation of the samples morphology (particle volume (x10° nm?), V and particles density

(x10% particles per cm?), d) is determined by the theoretical simulation of the XPS intensity ratios.

On the whole, the above presented data show that in 7 mbar O, Co oxidation proceeds
independently from the substrate, while on the contrary reduction of Co oxides in Ha is
determined by it. In general graphene improves the reducibility of cobalt oxide as compared to
the bare oxide supports. This indicates that one can tune the metal support interaction by
inserting a graphene interlayer, thus changing the morphology of the supported metal and also

the oxidation/reduction properties.

4.4.4  Stability of the graphene layer under redox treatments

As shown in Figure 4.7, prior to any treatment, a number of defects are created on the

graphene layer due to cobalt deposition. The Raman spectra of Co/G/SiO, and Co/G/ZnO after
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redox treatments are shown in Figure 4.13. For both samples the intense D and D’ band, along
with the appearance of a weak peak near 2920 cm™ (D + D’ band) indicate highly defective
graphene. Figure 4.13 also includes Raman spectra from different sample regions notably
bilayer-graphene island (abbreviated as: BL-Co/G/ZnO and BL-Co/G/SiO2) and graphene
areas at the corner of the sample which were protected from cobalt deposition by the mounting
clip (abbreviated as: G/ZnO and G/SiO.). The different regions are indicated in the optical
images of the samples shown in Figure 4.13c and d. The overlapping G and D’ bands are
deconvoluted with Lorentzian line shapes and the calculated Ip/lg intensity ratio is shown in
Table 4.3. This ratio can be used to estimate the average inter-defect distance (Lp) and the
defect density (np) according to empirical relations presented by Cancado et al:®°

2, (nm?) = (1.8 +0.5)x10°° ,13(:_'3)1 (41 )

G

_ 1.8+0.5 |
ny(um?) = L8209 g Lo
P I

L
where AL is the excitation wavelength in nm (532 nm in our case). These formulas were

( 42 )

deduced from Raman spectra of ion-bombarded samples but should be valid for other type of
point defects in the limit of Lp > 10 nm and at visible excitation wavelengths. As shown in
Table 4.3 the defect density, np, of graphene after the redox treatment increases considerably
on single layer areas, while the bilayer graphene areas proved to be more resistant, with lower
np. This is consistent with literature observations, which have shown that bilayer graphene is
more resistant to oxidization® and hydrogenation®’ than single layer graphene. In addition, the
sample areas without cobalt were even more stable showing a very low intensity of the D peak.
This observation supports the results of Figure 4.7 and suggests that Co plays a catalytic role

on the introduction of defects in graphene.

The intensity ratio of D and D’ peaks in Table 4.3 can be used to describe the distinctive
nature of the defects over graphene.>® In particular, the Ip/Ip- ratio changes from ~13 for sp®-
carbon, to ~7 for vacancy-like defects and down to 3.5 for boundary-like defects with low
defect concentration. The Ip/Ip: ratio for Co/G/SiO2 and Co/G/ZnO just after cobalt deposition
was calculated to be 4.9 and 4.6, respectively, pointing to a mixture of both boundary-like and
vacancy-like defects. After redox treatments, the Ip/Ip- ratios for both samples dramatically
decrease to 2-3, however this should not be taken as an indication of boundary-like defects
since at highly disordered state the defects are so many and so close to each other that the

information about the geometry of the single defect cannot be given from such analysis.>®
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Figure 4.13 Raman spectra at different regions for (a) Co/G/ZnO and (b) Co/G/SiO; after 7 mbar redox
treatment. The spectra are fitted with Lorentzian line shapes.

Even so, other features of Raman spectra can provide some additional information about the
graphene state. Ferrari and Robertson®% proposed that the amorphization of graphene
proceeds in two stages: first from crystalline to the nanocrystalline (Stage 1) and then towards
mainly sp? amorphous carbon (Stage 2). The Raman spectral features in Figure 4.13(high
intensity of D peak, the appearance of D + D’ peak as well as the overlapping of G and D’
peak) indicate that after redox treatment the amorphization process of the graphene samples is
still at Stage 1. In addition, the calculated Lo values for the redox treated Co/G/ZnO and
Co/G/SiO2 in Table 4.3 are 7.6 nm and 9.0 nm, respectively. Considering that the proposed
experimental error of the empirical relations is ~ 30 %,% theses Lp values are still in the range
limit of the formulas and they are also in consistence with Stage 1, since the transition between
Stage 1 and 2 is usually observed at Lp =~ 2—5 nm.**% Overall the analysis of the Raman
spectra shows that breaking of sp? C-C bonds, after cobalt deposition and redox treatment,
gradually disassemble the macroscopic single graphene crystal into nanometer sized graphene
nanocrystallites.®®
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Table 4.3 Intensity ratio, average interdefect distance and defect density of Co/G/ZnO and Co/G/SiO: after
redox treatment

. . Average .
Intensity Intensity ) Defect density
Samples . . interdefect
ratio Ip/lc ratio Ip/lp’ ] np (nm)
distance Lo (nm)

Samples after Co Co/G/ZnO 0.67 4.89 14.6 1513
deposition ColGISiO; 0.77 4.62 13.7 1723
Co/G/ZnO (single layer) 2.50 2.27 7.6 5617

BL-Co/G/ZnO (bilayer island) 0.83 1.67 13.2 1865

Samples after

redox treatments Co/G/SiO2 (single layer) 1.77 2.87 9.0 3977

BL-Co/G/SiO2 (bilayer island) 0.61 1.68 15.4 1370

Comparison of the Raman spectra between Co/G/ZnO and Co/G/SiO2 shows that ZnO-
supported graphene has more defects after redox than that of SiO,, for all 3 area-types. This
suggests that apart from cobalt overlayer the stability of graphene is also influenced by the
support’. Problems in the stability of graphene on ZnO substrates has been recently raised
under UV radiation, where graphene decomposes photocatalyticaly.”* Here we show that under
high temperature redox treatments, the ZnO support can also deteriorate graphene’s quality by
creating a number of defects, phenomenon which is accelerated by the catalytic role of the
metal overlayer (here cobalt). Certainly since defects on graphene can also act as anchor sites
for metal particles or for dopants and even as active sites for reactions,’? modification of

graphene in controlled environments might be deliberately performed for some applications.

Raman spectroscopy provides information about the graphene structure, while XPS is
sensitive to the oxidation state of graphene layer after the treatment. On the top part of Figure
4.14, some characteristic C 1s spectra at various stages of Co/G/SiO, sample treatment are
shown. These spectra are dominated by the C 1s peak at 284.8 eV due to graphene, but two
additional components due to Co-diluted carbon (283.7 eV) and oxidized carbon species (288.4
eV) can be easily distinguished. The evolution of these carbon species in the course of the gas
treatments is presented in the bottom graphs of Figure 4.14. Since both graphene samples gave
very similar results, the average of the two is shown. Prior to gas exposure (open symbols), an
amount of diluted carbon is found, while upon annealing in O diluted carbon disappears and
oxidized carbon species are developed. The later reaches a maximum at 250 <C in O but in H>

is gradually vanishing. What is interesting is that at higher H> annealing temperature, the
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diluted carbon component does not reappear, even if cobalt overlayer is completely reduced to

metallic cobalt (Figure 4.10).
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Figure 4.14 (Top) Characteristic C 1s XPS spectra recorded at various stages of the Co/G/SiO2 sample
treatment. (Middle) Evolution of the carbon components derived by deconvolution of the C 1s XPS spectra
as a function of temperature during the oxidation and reduction treatments. (Bottom) Schematic
representation of the suggested mechanism responsible for formation of graphene defects in contact with
cobalt during the redox treatment.

Based on these results one can speculate the mechanism of graphene quality deterioration
over cobalt covered areas upon the redox treatment (bottom part of Figure 4.14). In particular
cobalt particles locally dilute carbon atoms of graphene lattice, making these atoms vulnerable
to oxidation in Oz atmosphere. In Hy, or at high temperature, oxidized carbon species volatile
C-O and/or C-O-H compounds, leaving behind defective graphene layer in the vicinity of
cobalt particles. This mechanism is consistent with the observation highly defective graphene
only in cobalt coved areas of the sample. In addition it explains the absence of diluted carbon
species in the C 1s XPS spectra after cobalt reduction in hydrogen, since the carbon atoms

around cobalt particles are already consumed.
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4.5 Conclusions

In summary, the effect of graphene on the redox properties and morphologies of cobalt
supported on ZnO and SiO> has been studied. It was shown that with a graphene layer on the
oxides, fresh deposited Co morphology changes from flat layer structure to nanoparticle
structure. Under low pressure condition, the graphene layer in-between of Co and the substrates
limits the oxidation of Co but facilitates the reduction of Co. ARXPS proves that the oxidation
of Co on bare substrates is preferentially provoked from the subsurface while on the carbon
material substrates it comes from the surface of the Co nanoparticles. Small amount of defects

were detected by Raman spectroscopy after Co deposition and redox treatment.

Under medium pressure conditions, graphene does not significantly affect the oxidation
properties of Co under the medium pressure oxidation condition. However, in the reduction
condition, graphene protects Co from the solid reaction with ZnO and facilitates the reduction
reactions of Co304 to CoO and of CoO to Co, compared with that on both ZnO and SiO> bare
substrates. In addition, the Raman results suggested that after redox treatment, graphene was
in the nanocystalline form on both substrates. On the basis of these data, it is evident that
graphene can modify the supported Co morphology and improve the hydrogen reduction

properties of Co oxides.
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Chapter 5 Interaction of bimetallic PtCo layers with
bare and graphene-covered ZnO (0001) supports

5.1 Introduction

Bimetallic catalysts have been proposed to be one of the most promising classes of catalysts
in several applications such as fuel cells and hydrocarbon reforming reactions.*= In comparison
to their monometallic counterparts, bimetallic catalysts have superior performance in several
catalytic reactions, not only due to the combination of the properties associated with the two
metals but also because of synergistic effects. However, the surface composition and oxidation
state may vary during the catalytic reaction which will complicate the understanding of reaction
mechanisms. For example, in reactive gas phase, preferential adsorption of reactant molecules
will induce the rearrangement of surface atoms, which consequently influences the surface
morphology, structure and the oxidation state.*® Since high temperature is necessary for many
reactions, heat treatment induced surface segregation makes the bimetallic system more
complex.>® In addition, in the case of supported bimetallic catalysts, the support properties can
also determine the tendency of surface segregation due to the different interactions between
metals and the support. The effect of the support is more pronounced when the strong metal-
support interaction (SMIS) occurs between metals and reducible oxides supports, where metals
with low work functions (i.e. Na, K and Al) may be oxidized by the support (i.e. TiO2 and
Zn0) and metals with high work functions (i.e. Pt, Pd and Au) may be encapsulated. In many
cases, the surface state of the bimetallic catalysts are under the influence of a combination of

these factors and it is difficult to establish the structure-property relationship.

In the previous chapters, we have shown that the graphene interlayer can significantly
modify the Co-support interactions and the redox properties of Co. This part of work is a step
forward in the comprehension of graphene’s effect to the bimetallic-support interaction. Based
on the previous results, Co-Pt bimetallic was studied due to its potential applications in many
catalytic reactions, such as Fischer—Tropsch synthesis,” CO oxidation®® and electrochemical
reactions®°. This part of work can assist in the understanding of bimetallic-support interactions

and the designing of new catalysts materials.



Chapter 5 Interaction of bimetallic PtCo layers with bare and graphene-covered ZnO (0001) supports

5.2 Experimental part

Sample preparation.

Two substrates are used in this study: Zn terminated ZnO(0001) and graphene covered
Zn0(0001) (named as G/Zn0O). Cobalt and platinum were evaporated under UHV on clean
ZnO and G/ZnO substrates, using a commercial e-beam evaporator (Mantis depositions Ltd.,
model: QUAD-EV-C) attached to the UHV set-up. In order to control the atomic ratio between
Co:Pt, the metal vapor flux was adjusted to keep the same deposition time. The base pressure
during deposition was better than 1 x 10 mbar and the two metals were deposited using pre-
calibrated vapour fluxes. For the experiments described here we used 5 min deposition time
with Co and Pt deposition rates of 0.06 nm/min and 0.02 nm/min, respectively. Under these
conditions, the overall PtCo loading is estimated of about 0.4 nm and the Co:Pt ratio was kept
at 3:1 (0.3 nm Co/0.1 nm Pt) for all the samples studied in this thesis. Details of sample
preparation can be found in Chapter 2, section 2.1.

Characterization methods.

Vacuum and low pressure redox treatments were performed in the VSW ultra-high vacuum
(UHV) system described in the experimental part of this thesis. During the UHV studies, the
samples were flash-heated at the set temperature with a rate of 60 °C/min. For the low pressure
redox study, oxygen and hydrogen exposure of samples was carried out in the main chamber
by leak valves and the pressure was monitored at 5 x 10" mbar by an ion gauge. Each oxidation

temperature was kept for 0.5 h while flash annealing was used for the reduction step.

Medium pressure redox studies were carried out in a high pressure chamber attached on the
VSW UHV system. The procedure used in this part of work was identical to these described in
Chapters 4. In detail, each oxidation/reduction step was performed by annealing for 30 min at
various temperatures in 7 mbar Oz or H> with a leak rate of 40 mbar I/s respectively.
Subsequently the sample was cooled down in the gas, pumped in UHV pressure and transferred
to the UHV XPS analysis chamber, without being exposed to the atmosphere. A
monochromatic AlKa source was used for the XPS analysis. Two different photoelectron take
off angles (angle between electron analyzer and sample surface nominal) were chosen to probe
different depth of the sample: a 6 = 0 ° take off angle (by default) which probes more of the
bulk and a 6 = 75 ° take off angle which is more surface sensitive.
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The low energy ion scattering spectroscopy (LEIS) measurements were performed with an
IQE 11/35 (SPECS®) ion source using He* as incident ion. The incident energy was typically
750 eV and the scattering angle was 130 °.

Raman measurements were performed with a micro-Raman spectrometer (Horiba LabRam
Aramis), with excitation wavelengths of 532 nm. The laser was focused with a 100> objective
lens to an approximately 1 um spot, with a laser power of 1 mW to avoid heating and damage
to the sample. The morphology of the samples was investigated at ambient conditions using a
NTEGRA aura AFM microscope from NT-MDT. The AFM topography images were obtained
at tapping mode using PPP-NCHR tips from NANOSENSORS with radius less than 10 nm.

5.3 Results and discussion

5.3.1 UHV annealing

Initially the interaction of the bimetallic layer with each substrate was investigated by
annealing in UHV, thus without the presence of reactive gas phase atmosphere. Figure 5.1
compares the Co 2p XPS peaks of CoPt/ZnO and CoPt/G/ZnO at various annealing
temperatures. Up to 300 <C, the sharp Co 2ps/» peak at 778.3 eV indicates the metallic Co state
for both samples. However, upon further annealing, the evolution of the Co 2p spectrum in the
two samples is considerably different. In particular for CoPt/ZnQO, as the temperature increases,
the initial spectrum is modified to a component at 780.6 eV and a shake-up satellite peak at
785.0 eV, which is typical for CoO. This observation is in agreement with the results presented
in Chapter 3. There it was shown that when monometallic Co supported on ZnO was annealed
in vacuum, a solid state reaction took place at the interface inducing cobalt oxidation. However
there is a significant difference between the monometallic and bimetallic deposit, regarding the
temperature that this reaction occurs. In particular, the addition of Pt significantly increases the

oxidation temperature of cobalt from 200 °C (for monometallic Co) to 450 °C (for PtCo).

On the contrary, annealing of CoPt/G/ZnO does not cause evident effect to the Co 2p
spectrum, which remains almost stable up to 450 <C. Only a minor CoO peak contribution
could be observed as a shoulder at 780.6 eV at 550 °C. This indicates that the single layer
graphene affects the interaction between bimetallic CoPt overlayer and the ZnO support by
preventing the oxidation of Co from ZnO. At 550 °C, the slight oxidation of Co might be
induced by the intercalation of small amount of Co which is directly in contact with ZnO

through the defects of the graphene layer (see 5.3.5).
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Figure 5.1 XPS spectra of CoPt/ZnO and CoPt/G/Zn0O after annealing in UHV at various temperatures.

The evolution of the cobalt oxidation state as a function of temperature can be followed by
the average cobalt valence state shown in Figure 5.2b. This ratio was obtained after
deconvolution of the Co 2p spectra in two components (metallic Co and CoO) using reference
spectra curves as explained in the previous chapters. In order to distinguish potential
segregation between the two cobalt oxidation states, measurements from normal (0 <degrees)
and grazing (75<degrees) photoelectron takeoff angles are included. We recall that a higher
take-off angle provides information of less depth, given that there is no spherical symmetry of
the particles (e.g. spheres on planar substrate). A characteristic example of spectra recorded on

the same sample at 2 different angles is given in Figure 5.2a.

The differences in the oxidation state of cobalt in the PtCo overlayer in the two samples are
evident. It is also clear that for both substrates the amount of CoO is systematically lower at 75
“as compared to the 0 ®measurements. This difference shows that metallic cobalt is located
preferentially on the surface of the PtCo particles (the metallic Co peak component is enhanced
at 75 “degrees takeoff angle measurements which are more surface sensitive) with more CoO

into their interior.
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Figure 5.2 a) Characteristic Co 2ps;z spectra recorded in two takeoff photoelectron emission angles on
PtCo/zZnO after UHV annealing at 500 <C, b) the evolution of cobalt average valence state for CoPt/ZnO
and CoPt/G/ZnO samples as a function of the annealing temperature. The measurements were acquired at
two different photoelectron takeoff angles (6 = 0 and 75°).

We turn now our attention to the Pt 4f spectra (not shown). Apart from some changes in
their intensity, the shape and binding energy of the Pt 4f peaks are identical for both substrates
and remain unaffected after the annealing treatments. This indicates that on both samples
platinum remains in the metallic state upon annealing, which is not surprising since it is well-

known that platinum, as compared to cobalt, is very difficult to get oxidized by the gas phase.

The XPS intensity ratio of Co to Pt (Figure 5.3) is indicative of Co and Pt mixing within the
PtCo overlayer. In addition, changes of the Co/Pt ratio can be used to evaluate the preferential
surface segregation of the alloy constituents upon the annealing treatment. As shown in Figure
5.3, before 400 °C, the Ico/lpt ratios on both substrates decrease gradually, indicating a higher
agglomeration rate of Co than Pt and/or segregation of Pt on top of Co. At higher annealing
temperatures, the continuous decreasing trend of lco/lp: ratio for CoPt/GZnO implies that Co
and Pt maintain a similar aggregation tendency. However, an opposite tendency is shown in
Figure 5.3 for CoPt/ZnO, where the Ico/lpt ratio rises up after 400 °C. As has been shown in
Figure 5.2b, after annealing at 400 °C, Co on CoPt/ZnO is partly oxidized to CoO. We have

shown in the previous chapters that cobalt oxidation is followed by spread out of Co over the
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support, which is reflected in the increase of Co to support intensity ratio.*'> However, since
Pt does not have as intense interaction with the ZnO support (absence of Pt oxides) as cobalt,
it migrates and coalescences in a higher degree at higher temperature. This will have a direct

effect on the Ico/lpt ratio which will increase, as shown in Figure 5.3.
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Figure 5.3 Variation of the Co 2p/Pt 4f intensity ratios for CoPt/ZnO and CoPt/G/ZnO samples as a
function of the annealing temperature in UHV.

As has been shown in Figure 5.1b, after annealing at 350 °C, Co on CoPt/ZnO is partly
oxidized to CoO. As revealed in the previous chapters, cobalt oxidation is followed by spread
out of Co over the support, which is reflected in the increase of Co to support XPS intensity
ratio.**'> However, as shown in Figure 5.2, the direction of cobalt oxide migration is from
inwards (close to the interface with ZnQO) towards the surface of the particles. It seems that
cobalt oxidation displaces Pt atoms from the surface leading to the increase of the Co/Pt ratio
shown in Figure 5.3. This is in accordance with the well-known tendency of Co oxides to
migrate toward the surface and covering Pt.*3'48 The reason is likely that since Co has higher
oxygen affinity than Pt, it tends to combine with O, which will drive Co atoms to migrate to
the surface when bimetallic CoPt particles are exposed to an O» atmosphere. However, when
CoPt/ZnO sample is annealed in UHV conditions, the oxygen source comes from the ZnO
substrate which is found underneath the CoPt. In this case, Co moves to the interface of CoPt

and ZnO to get oxidized and thus it leaves Pt at the outer surface.
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The low energy ion scattering spectroscopy (LEIS) results can be used as an ultimate surface
sensitive method to distinguish the composition of the outermost surface layer of the samples.
As shown in Figure 5.4, Pt, Zn and Co related peaks can be distinguished in the LEIS spectrum
according to their characteristic scattered He ions kinetic energy. It is evident that the LEIS
spectrum of the fresh PtCo/ZnO sample (at 25 <C) is dominated by the Pt signal, which suggests
the presence of Pt on the surface. The presence of the Zn signal indicates that the ZnO surface
is not completely covered by Co and Pt, but there are areas of the ZnO support that remain
uncovered. This is reasonable, taking into account that the deposition amount of metals is only

~0.4 nm.
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Figure 5.4. Characteristic low energy ion scattering spectroscopy spectra (LEIS) of CoPt/ZnO samples
annealed in UHV at the indicated temperatures. The figure to the right shows the Co to Pt ratio obtained
after deconvolution of the ISS spectra, as a function of the UHV annealing temperature. Please note that
the data are not normalized to the ISS cross sections of each element therefore should be interpreted

qualitatively.

Upon annealing at intermediate temperature (300 <C), the Zn peak intensity increases
considerably, which is consistent with agglomeration of the PtCo layer and uncovering of the
support area. Of course one cannot exclude that part of the Zn signal is derived from the Zn
support ions which spillover the PtCo layer during annealing. In addition, the Co peak almost

disappears. Finally at the higher annealing temperature (550 <C), the increase of the Zn peak
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signal continues, but the cobalt related signal re-appears. These observations can be easily
followed in the Co/Pt ratios obtained by the deconvolution of the LEIS peaks which are also

consistent with the XPS results of Figure 5.3.
5.3.2 Low pressure redox

The effect of single layer graphene to the initial stages of reduction and oxidation of
bimetallic CoPt was studied next. In order to do so, CoPt/ZnO and CoPt/G/ZnO samples were
exposed consecutively at low pressure (5 x 10”7 mbar) of Oz and Hz in the UHV chamber and
the evolution of the oxidation state as a function of temperature was studied in situ. In Figure
5.5, the Co average valence for CoPt/ZnO and CoPt/G/ZnO at two different takeoff angles is
plotted versus the annealing temperature for O, and consequently for Hz atmosphere. We
should recall that the deposition conditions and the initial sample state (before gas exposure)
were almost identical to those of the UHV annealing experiments shown in the previous
paragraph.

As expected, the general trend of oxidation and reduction is the same for both substrates. In
particular, Co is gradually oxidized to CoO in Oz and reduced back to metallic Co in Hz, while
Pt oxidation state is not affected under the employed conditions. However, the Co oxidation
and reduction rate, as well as the angle measurements show significant differences between
bare and graphene-covered ZnO substrates. As can be clearly seen in Figure 5.5, as soon as the
samples are exposed to Oz atmosphere, oxidation of Co on ZnO is much more pronounced as
compared to that on graphene. With the temperature increase, the Co oxidation state at different
depths shows a significant deviation; Co on ZnO is preferentially oxidized from the subsurface

while Co on G/Zn0O is oxidized more towards the outer surface.

Preferential oxidation of noble metals at their interface with oxide substrates has been
reported by several groups.®>1’ Freund et al*>!® reported the preferential oxidation of Pd at the
Pd /FesO4 interface and they suggested that the Pd oxide film is stabilized by the strong
interaction with the iron oxide support. In addition, when Au/ZnO nanorods were oxidized at
200 °C, higher oxidation state of Au was observed at the interface with ZnO due to the Au-O-
Zn interaction. The affinity of cobalt to oxygen species is of course much higher than that of
gold, and cobalt has been reported to get oxidized even under UHV conditions by residual OH
groups attached on ZnO.*® In Chapter 4 we observed this phenomenon also for the Co/ZnO

sample. Although the details of the preferential oxidation of Co at the interface of Co and ZnO
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are still unclear, the Co-ZnO interaction should be the driving force. With a single layer
graphene in-between, this Co-ZnO interaction is blocked, together with the interfacial
oxidation, rationalizing the higher CoO ratio at the outer surface of CoPt/G/ZnQO in Figure 5.5a.
At 300 °C, Co on both substrates is partially oxidized to CoO, with ~75 % CoO on CoPt/ZnO
and ~60 % CoO on CoPt/G/Zn0O. Since Co oxidation started from dissociative adsorption of
oxygen and was followed by diffusion of oxygen into the Co layer in order to establish a quasi-
octahedral ligand field and then formation of CoO, one can presume that adsorption and/or
diffusion of oxygen is easier on CoPt/ZnO than CoPt/G/Zn0.

a) 5x 10 mbar O, b) 5 x 10"mbar H, —m— CoPt/ZnO
p ¢ )| MR I ————— B ® CoPt/G/Zn0
COO 0=0

--0- CoPt/ZnO
O- CoPt/G/Zn0O
0 =75

= Fresh

Average Valence State

0 100 200 300 100 200 300 400
Temperature (°C)

Figure 5.5 Co average valence state of CoPt/ZnO and CoPt/G/ZnO samples during the low pressure redox
treatments. The initial oxidation states (just after UHV deposition) are represented by the two colors point.

Under Hz exposure, CoO for both samples starts to reduce from 100 °C and is completely
reduced to metallic Co at higher temperature. However, due to the weak interaction between
Co and G/ZnO0, reduction of CoO on G/ZnO is much easier than that of CoO on ZnO. It should
be noticed that, on both substrates, CoO reduction is more enhanced at the outer surface. This
IS not unexpected since the reduction medium (Hz in the gas phase) adsorbs and diffuses from

the outer towards the interior of the PtCo overlayer.

Figure 5.6 shows the variation of the Ico/lpt ratio with the oxidation/reduction temperature
for both CoPt/ZnO and CoPt/G/Zn0O. As shown also for the UHV annealed sample, the initial

Co/Pt ratio differs in each sample. In particular, for graphene supported CoPt the initial ratio is
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close to the nominal one, while for the ZnO supported sample it is higher, suggesting a higher
surface exposure of cobalt. This might be the effect of segregation of Co over Pt in mixed PtCo
particles or may reflect mostly separated Pt and Co particles with lower contact angle of Co on
ZnO (thus higher surface area). The latter scenario can be justified by the well manifested

strong interaction between Co and ZnO, which drives Co to wet the ZnO surface.

In O, the Ico/lpt ratio for both samples increases with temperature, however this increase is
more evident at the G/ZnO substrate, while at the maximum temperature (300 °C), both
samples converge to the same Ico/lpt ratio. This suggests that the remixing of the PtCo overlayer
upon annealing in low pressure Oz, is due to the segregation of Co on the surface of Pt (increase
of lco/lrt), which is more pronounced on G/ZnO. As mentioned in the previous part, exposure
of bimetallic CoPt in O2 atmosphere would drive Co atoms to migrate on top of Pt and get
oxidized to CoO. Please note that, although Co on ZnO is easier to be oxidized as the oxidation
degree is always found higher than Co on G/ZnO, the segregation of CoO on Pt is less

significant, as is shown in Figure 5.6 as a tender increasing trend of Ico/lpt.

Comparison of Figure 5.5 and Figure 5.6 shows that in the case of G/ZnO there is a close
relation between the cobalt oxidation state and its surface segregation over Pt. In particular, on
G/ZnO, a steep increase of the cobalt average valence as a function of temperature is followed
by an equally steep increase of the Ico/lpt ratio. On the contrary, for ZnO, the increase of the
Co average valence state especially above 100 °C is accompanied by an almost stable Ico/lpt
ratio. This indicates that oxidation and surface segregation might be governed by different
mechanisms in the two cases. This information should be combined with 2 additional facts;
first is the differences observed between the two samples at the normal and grazing take off
angle measurements (higher Co surface valence for G/ZnO, but lower for ZnO as compared to
the subsurface, shown in Figure 5.5) and second is the higher oxidation state of cobalt in the
case of ZnO as compared to G/Zn0O. Based on the above arguments one can conclude that in
the case of ZnO, cobalt oxidation is taking place not only from the gas phase O, but also at the
interface, due to the interaction with the support. As was also mentioned in the case of
monometallic Co, oxidation by ZnO will drive CoO towards the interface with the support

rather than to the surface over Pt.

Reduction of CoO in Hp, partly cancels cobalt segregation and drives metallic Co to re-mix
with Pt, as is shown by the decrease of Ico/lpt ratio observed for both substrates. Reduction of
Co oxides on CoPt/Zn0 is similar to that on CoPt/G/Zn0O, leading to the alloying of Co and Pt,
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and after complete reduction at 400 °C, Ico/lpt almost recovers to its original ratio. It has been
reported that Pt facilitates Co reduction in bimetallic PtCo structures (nanoparticle or layer
structure), due to the hydrogen activation and spillover effect from Pt to Co which facilitates
reduction of Co.>***® This is clearly reflected by the low reduction temperature as compared
to monometallic samples. The effect of Pt is more evident on the bare ZnO substrate, since the
reduction of cobalt is complete, even if it requires relatively higher temperature. Please recall
the results presented in Chapter 4 for monometallic cobalt, which have shown inability to
reduce Co ions in H2. Another promising effect of graphene (apart from the ease in reduction)
is its ability to restore the lco/lpt ratio close to the nominal one after reduction. This result
suggests remixing of CoPt and the reversibility of the dealloying process observed in O at

least during a single redox cycle.
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Figure 5.6 Variation of the XPS Co 2p/Pt 4f intensity ratios for CoPt/ZnO and CoPt/G/ZnO samples under
5 x 107 mbar O2/H: conditions. The initial ratios (just after UHV deposition) are represented by the two
colors points.

5.3.3 Medium pressure conditions

Studies under UHV and low pressure conditions helped us to understand graphene’s effect
to the CoPt and ZnO interaction as well as the Co redox properties at the initial stages of
oxidation. However, usually real catalytic conditions involve exposure at higher gas pressure

(atmospheric or even higher). Traditionally in surface science studies, it is difficult to correlate
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results obtained at low vacuum conditions with real world catalysis which is usually referred
as the “pressure gap” problem. To deal with this question we carried out medium pressure (7
mbar) redox studies on CoPt/ZnO and CoPt/G/ZnO. However, we should note that, in contrast
with the low pressure studies, the presented results are not obtained in situ, but in a quasi in

situ mode as described in the experimental part in Chapter 2.

The Co average valence of CoPt/ZnO and CoPt/G/ZnO during the medium pressure redox
treatments is shown in Figure 5.7. Compared to low pressure oxidation, it is clear that higher
O, pressure is much more effective to cobalt oxidation.?® However, even under these
conditions, a small portion of Co on G/ZnO0 is still in the metallic state after room temperature
oxidation. With the temperature increase, Co on both substrates becomes partially oxidized and
at 250 °C, the Cos0O;4 ratio reaches ~50 % for both samples. This implies that under high
temperature and high pressure oxygen conditions, diffusion of oxygen is no longer the
determining step of the Co oxidation reaction. Comparison with the monometallic Co samples
presented in Chapter 4, can lead to the conclusion that Pt hinders cobalt oxidation at the
medium O pressure. A closer look at the oxidation state at different analysis depths shows that
Co on ZnO is homogenously oxidized while oxidation of Co on G/ZnO is still more evident at
the outer surface. This implies that even at 7 mbar O the subsurface interaction has probably
still an effect on cobalt oxidation. This is of course much less evident in the spectroscopic
results due to the higher oxidation degree of cobalt and validates our choice to study

metal/substrate interaction at different pressure regimes.

The reduction of supported cobalt oxides in 7 mbar Hz as a function of the annealing
temperature is shown in Figure 5.7b. As is evident, after treatment at 150 <C most of cobalt
oxide is already reduced. Cobalt oxide supported over graphene is reduced at relatively lower
temperature as compared to the ZnO-supported one, as is typically observed in all samples and
at all conditions studied in this thesis. Compared to the medium pressure reduction results of
monometallic Co/ZnO shown in Chapter 4, we can find that with the addition of Pt, Co on ZnO
can be completely reduced instead of forming a CoxZn1xO mixed oxide phase. In addition,
angle measurements showed for both samples that the reduced cobalt signal is predominately
enhanced on the surface, indicating that reduction proceeds from the surface toward the core

of PtCo overlayer.
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Figure 5.7 Co average valence state of CoPt/ZnO and CoPt/G/ZnO during the medium pressure redox
treatments. The initial oxidation states (just after UHV deposition) are represented by the two colors point.

We turn now our attention on the oxidation state of Pt. In contrast to the UHV and low
pressure conditions, oxidation of Pt is observed under medium pressure oxidation conditions.
The deconvolution of Pt 4f XPS spectra for both samples is shown in Figure 5.8. The evolution
of Pt oxidation state as a function of temperature after Pt 4f peak deconvolution is shown in
Figure 5.9. The Pt 4f for both freshly prepared CoPt/ZnO and CoPt/G/ZnO is found at ~71.6
eV, in agreement with the literature values for PtCo alloys.??> Annealing of CoPt/G/ZnO in
O2 up to 150 °C does not influence the main Pt 4f peak. Besides, an additional peak at higher
binding energy (72.6 eV) is observed after oxidation at 250 °C. This peak can be safely assigned
to PtO formation according to literature reports.?® In the case of CoPt/ZnO, ~9 % of the total
amount of Pt is oxidized to PtO already at room temperature, while this fraction further
increases to 19 % after oxidation at 150 °C. When the temperature rises to 250 °C, a higher
oxidation state of Pt, located at ~ 74.2 eV, is clearly shown at the XPS spectrum. This new

feature is in consistence with further oxidation of PtO to PtO,.2%2
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Figure 5.8 The Pt 4f XPS spectra under various oxidation temperatures for CoPt/ZnO and CoPt/GZnO.
Deconvolution of the main spectra to metal and oxidized Pt components is included.
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Figure 5.9 Evolution of the various Pt oxidation states as a function of temperature. The results were
obtained after deconvolution of the Pt 4f spectra recorded on CoPt/ZnO sample during medium pressure
oxidation.

Oxidation of Au at the interface of Au and ZnQO, at 200 °C and Oz ambient, has been reported
before and was attributed to Au-O-Zn interaction.!’ Ceria is also known to stabilize Pt oxides
by formation of Pt-Ce-O species.?>? In our case, we could not observe any clear difference in
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the angle dependent measurements, therefore it is difficult to attribute the location of Pt oxides
as surface or as subsurface. Unfortunately neither the mechanism of Pt oxidation on ZnO can
be pointed out unambiguously. However, since the only difference between the two samples is
the substrate, we presume that ZnO plays an important role in Pt oxidation. Therefore, under
the medium pressure oxidation conditions, although Co oxidation states on both substrates are
similar, Pt is hardly oxidized on CoPt/G/ZnO due to the effect of graphene. These results
indicate that Pt oxidation is facilitated on bare ZnO in accordance with the trend observed for
cobalt. It is also worth noting that this is not a direct support effect since it was not observed at
lower pressure or UHV experiments, but probably ZnO indirectly affects the redox properties

of Pt, for example due to the influence of the PtCo mixing arrangement.

Figure 5.10 shows the Ico/lpt ratio as a function of redox temperature. Just after deposition,
and before gas exposure, the Ico/lpt ratio for G/ZnO was close to the nominal one, while cobalt
surface segregation was observed in the case of ZnO. This is in accordance with the samples

discussed before.
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Figure 5.10 Variation of the normalized XPS Co 2p/Pt 4f intensity ratios with oxidation/reduction
temperature for CoPt/ZnO and CoPt/G/Zn0O samples under 7 mbar O2/H.. The initial oxidation states (just
after UHV deposition) are represented by the two colors point.

After oxygen exposure at room temperature there is an abrupt increase of this ratio, while
after that the Ico/lpt ratios of both samples follow a similar trend during oxidation. Up to 150
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°C, the Ico/lpt ratio increases suggesting re-dispersion of Co after oxidation and/or enrichment
of CoO on top of Pt. However, at higher temperature (250 °C), the Ico/lpt ratio decreases, which

could be explained by the oxidation of Pt and mixing of Pt and Co oxides.

During the reduction process in Hz, Pt oxides on both substrates were readily reduced in the
first annealing step (not shown). Co oxides on CoPt/G/ZnQ are also mostly reduced after 150
°C. Concerning the Ico/lpt intensity ratio, after a significantly decrease due to the reformation
of CoPt alloy, the ratio remains almost constant until Co is completely reduced. For CoPt/ZnO,
Co reduction is slower than that of CoPt/G/Zn0O, thus the Ico/Ipt ratio shows a tender decreasing
trend.

5.3.4 Morphology of supported bimetallic Co-Pt

The morphology study of all the samples fresh and after the redox treatments was carried
out by AFM on tapping mode under atmospheric conditions. As shown in Figure 5.11, the as-
deposited CoPt/G/ZnO sample shows highly dispersed nanoparticle structure which is in
consistence with the morphology observed for monometallic Co in the previous chapters.
Therefore as in these cases, a 3D growth mode of CoPt on graphene is proposed. After UHV
annealing, much larger particles are shown in the AFM images. This is due to the dynamic
coalescence of smaller particles driven by their enhanced mobility caused by the high
temperature. The low and medium pressure redox treated samples show similar surface
roughness and particle size. Since both samples are reduced at 250 °C, this demonstrates that
the annealing temperature is the primary cause for the agglomeration of CoPt particles and the

gas pressure plays a secondary role.

Freshly deposited CoPt forms a relatively flat structure on ZnO with the root mean square
roughness (RMS) of 0.22 nm. After UHV annealing, CoPt on ZnO also shows nanoparticle
structure similar to that of CoPt/G/Zn0O. This is quite interesting since from the XPS results,
after UHV annealing, Co is oxidized and then re-dispersed on ZnO. However, it should be
noticed that the final Co/Zn ratio did not recover to the initial value, moreover, Pt/Zn ratio also
decreased (not shown). The LEIS data also shows that more ZnO surface is exposed after UHV
annealing. This means that as compared to the fresh deposited samples, CoPt is agglomerated.
After low and medium pressure redox treatments, both Co and Pt are in the metallic state and

agglomeration is manifested by the rougher particle structure on ZnO surface. These AFM
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images also reflect that the surface roughness of CoPt on ZnO is mainly dependent on the final

annealing temperature.

Figure 5.11 AFM images of CoPt/G/ZnO and CoPt/ZnO samples after various treatments. Top row:
CoPt/G/Zn0O and bottom row: CoPt/ZnO. From left to right are the samples: after CoPt deposition, UHV
annealing, low pressure redox and medium pressure redox treatments.

5.3.5 Quality of Graphene

Figure 5.12 presents the representative micro-Raman spectra of graphene collected from the
pristine and redox treated samples. The peaks width (fwhm) and their intensity ratios are
summarized in Table 5.1. The spectrum of pristine graphene shows sharp G (1585 cm™) and
2D (2690 cm™) peaks with peak intensity ratio loo/lc = 1.60, indicating that single layer
graphene was successfully transferred on to ZnO without detectable amount of defects, like in
the previous samples. After CoPt deposition, a low intensity D peak at 1350 cm™ appears,
implying that deposition of Co-Pt introduced a relatively small amount of defects.

Although Pt is reported to bound weakly on graphene through physisorbed interactions,
cobalt is chemisorbed on graphene and therefore its interaction is expected to be stronger than
that of Pt. Metals such as Ti?"?8, Pd?’, Cr?® which have chemisorbed interaction with graphene
were found to form a strong bond with it and introduce defects immediately just after
deposition. Therefore, during Co-Pt deposition, chemical reaction may occur at the Co-
graphene interface as for example the disolution of carbon from graphene into the metal
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volume.?® It is expected that the high temperatrue annealing procces that follows will enhance

this process.?°
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Figure 5.12 Raman spectra of graphene on fresh CoPt/G/ZnO samples and after various treatments.

As shown in Figure 5.12 and Table 5.1, after UHV annealing at 550 °C, a significantly
higher intensity ratio of Ip/l (0.50) and a much broader 2D peak (fwhm = 61.2 cm™) are found.
This indicates that more defects are introduced to graphene due to enhaced inteface
interactions. We have to mention here that the role of ZnO in the creation of defects on
graphene should not be ignored. The degradation of graphene by the ZnO suport has been
observed in Chapter 4. Compared to the graphene spectrum of the freshly deposited
CoPt/G/Zn0O sample, after low pressure oxidation treatment the samples show similar 2D peak
width but higher Ip/lg ratio, signifing that this step partly increases the amount of defects.
However, a further reduction step has no evident effect on the graphene quality, which might
be due to the relatively low reduction temperature (250 °C) and/or the hydrogen conditioning.

Additionally, graphene is less defective after low pressure oxidation and reduction than after
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UHV treatment. This means that higher annealing temperature (550 °C) is more critical than

the redox conditions (5 x10” mbar) in creating defects.

Table 5.1 The peak intensity ratios and the 2D peak fwhm of CoPt/G/ZnO sample under various treatments.

Samples Io/le l2n/lc 2D (fwhm/cm)
GZnO 0 1.60 32.3
CoPt/G/Zn0O (Fresh deppsited) 0.36 1.42 45.6
CoPt/G/Zn0O (After UHV 550 °C) 0.50 0.37 61.1
CoPt/G/Zn0O (5 x 107 mbar O3, 300 °C) 0.45 0.67 46.4
CoPt/G/Zn0O (5 x 107 mbar redox) 0.48 0.65 45.3
CoPt/G/ZnO (7 mbar Oz, 250 °C) 1.01 0.36 46.2
CoPt/G/Zn0O (7 mbar redox) 1.05 0.37 45.3

The Raman spectrum of CoPt/G/ZnO after oxidation under 7 mbar O2 shows much higher
peak intensity of both D and D’ and an additional D+D’ peak at 2920 cm™ appears. This implies
that medium pressure oxidation introduced more defects to graphene than the low pressure
condtions. However, the treatment pressure has no evident effect on the quality of the

remaining graphene islands.

5.4 Conclusions

This chapter reports the study of the effect of graphene interlayer on the arrangement and
the redox behavior of bimetallic PtCo overlayers. Graphene influences the arrangement
between Pt and Co and favors their intermixing. On the other hand, bare ZnO enhances Co and
Pt separation. This arrangement has a direct influence on the redox properties of PtCo;
graphene supported PtCo overlayers are much more resistant to oxidation in Oz but more

susceptible to reduction under Ho.
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6.1 General conclusion

Understanding the interaction between metals and oxides is essential to determine the
performance of metal/oxide catalysts in chemical reactions. One central issue of concern in
employing oxide supported metal catalysts is the ability of rational design of new catalysts so
as to control this interaction. In this work, we focus on the effect of graphene, a recently
developed very promising material, on the metal-oxide support interaction. For this reason a
model system, based on monometallic and bimetallic cobalt over single layer graphene-coated
oxide supports, was designed and fabricated. The effect of graphene to the cobalt-oxides
interaction under various environments is explored. The combination of in-situ surface
techniques (such as XPS, HREELS etc.) and ex-situ techniques (such as AFM and Raman)
allowed us to investigate the effects of graphene to the physical properties of the supported Co
materials, i.e. surface composition, morphology and the chemical state. Experiments under
various pressure reduction (H2) and oxidation (O2) environments helped us to understand the

modification of the Co redox properties by graphene.

In chapter 3, we describe how graphene was successfully transferred onto ZnO(0001)
surface through the wetting transfer method. The high quality of transferred graphene was
proved by Raman and AFM. Co nanoparticles on ZnO (CozZnO) and Graphene-ZnO
(Co/G/Zn0O) were prepared under vacuum and their interaction with the supports was studied
in situ by annealing the samples in the UHV and the results were interpreted by performing
quantitative and chemical surface analysis by XPS. AFM images showed that freshly deposited
Co formed highly dispersed nanoparticles on G/ZnO and a relatively flat layer structure on
Zn0. Annealing of Co/Zn0O in UHV proved that Co can be oxidized by ZnO starting from 200
°C, and be completely oxidized to CoO at 300 °C through the solid reaction (Co + ZnO — CoO
+ Zn). In contrast, Co on G/ZnO maintained the metallic state even after annealing at 350 °C.
The results indicate that the single layer graphene acts as a physical barrier for the in-diffusion

of Co and it’s also impermeable toward oxygen transport from the support. After UHV



Chapter 6 Summary, general conclusion and perspectives

annealing, the agglomeration of Co nanoparticles on G/ZnO and the re-dispersion of CoO on
ZnO were evidenced by both XPS results and AFM images. Moreover, low defects density but
p—type doping was shown in the Raman spectra of graphene after Co deposition and UHV
annealing. Overall, these results prove that graphene can effectively prevent the oxidation of

Co by the ZnO support and has also an effect on Co morphology.

In chapter 4, the redox properties of Co supported on bare substrates (SiO, and ZnO) and
single layer graphene covered substrates (G/SiO2 and G/Zn0O), as well as on HOPG as a
reference substrate, were investigated under low pressure (5 x 10" mbar) and medium pressure
(7 mbar) oxidation (Oz)/reduction (H2) conditions. After Co deposition, the surface
morphologies of all five samples were studied ex-situ by AFM. It is shown that Co tends to
form relatively flat layer structure on bare substrates (ZnO and SiO2), however, nanoparticulate

structure was observed on the substrates with a carbon layer on top (graphene and HOPG).

Under 5 x 107 mbar O, Co in direct contact with ZnO and SiO; substrates was readily
oxidized even at room temperature. However, the oxidation of Co on the carbon substrates was
limited even after long exposures at more elevated temperature. The reason for these
differences seems to be the formation of a surface CoO layer on the Co nanoparticles (when
supported by the carbon materials) which, in turn, prevents further dissociation and deeper
diffusion of the oxygen into the core of the nanoparticles under the mild low pressure
experimental conditions. These results were further confirmed by ARXPS measurements,
where preferential oxidation of Co from the interface was observed on SiO2 and ZnO, in

contrast to the carbon substrates where surface oxidation was more pronounced.

The reduction of oxidized Co by 5 x 107" mbar Hz was strongly affected by the metal support
interaction. CoO on ZnO was initially partially reduced upon annealing in Ha, but higher
temperature heating (always in 5 x 107" mbar H.) led to its complete oxidation. This is attributed
to a solid reaction between Co and ZnO, which also responsible to a flattening of Co particles
morphology in the AFM topography images. Here one should note that the interaction differs
among the various oxide substrates. Thus in the case of the SiO> substrate, CoO was fully
reduced, however, at very high temperature (600 °C) while the reduction temperature was
significantly lower when CoO was on the carbon surface. The reduced Co was found to
agglomerate to larger particles as compared to that on the fresh deposited samples upon
annealing. However, among different samples the stronger Co-substrate interaction led to the

formation of relatively smaller particles.
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Under 7 mbar Oz, Co was oxidized to CoO at room temperature and further to Co304 at 250
°C, independently of the substrate. In 7 mbar Hz the XPS results revealed a two-step reduction
process (Co30s — CoO — Co) for all substrates. However, the reduction temperature was still
strongly affected by the graphene layer. Likewise the low pressure reduction, under 7 mbar H>
partly reduced Co was re-oxidized by ZnO at 400 °C while Coz04 was fully reduced to Co.
With a single interlayer graphene, the temperature of both reduction steps for CosO4 take place
at lower temperature. For all substrates, cobalt agglomerated at nanometer size particles was

observed in the AFM images.

The Raman results showed that a higher deposition amount of Co and a redox treatment at
higher pressure introduced more defects to the graphene layer. Moreover, both Co and ZnO act
catalytically for the defects formation in graphene during the medium pressure
oxidation/reduction treatments. This part of the work proved that single layer graphene can be
used as a buffer layer to tune the Co-support interaction; it limits the oxidation of Co at low O>

pressure but facilitates the reduction at both low and medium pressure conditions.

In chapter 5, the graphene’s effect to the interaction between a bimetallic system (Co-Pt)
and the more reactive oxide support ZnO, with and without graphene was studied under 3
different environments: UHV, low and medium pressure gas atmosphere. For fresh samples,
after room temperature deposition in UHV, it was observed that graphene allow better mixing
of Pt and Co, in contrast to ZnO which facilitates higher cobalt surface exposure. In UHV, Co
on CoPt/ZnO was oxidized upon annealing but at higher temperature compared to
monometallic Co studied in Chapter 3. On the contrary on PtCo/G/ZnO cobalt oxidation is
restricted at a temperature as high as 550 °C. Moreover, Co oxidation state defines the
composition of PtCo overlayer. In particular, at higher temperature Co redispersed
accompanied with Pt agglomerated on ZnO, while over graphene Pt seems to dominate the

surface.

Upon low pressure oxidation (5 x 107" mbar O;) treatments, Co was gradually oxidized in
both CoPt/ZnO and CoPt/G/Zn0O, however, as in the case of UHV, in the presence of graphene
cobalt oxidation is restricted. The effect of graphene in limiting cobalt oxidation is twofold.
Not only restricts direct oxidation by the oxide support, but also drives more Pt on the surface,
protecting cobalt from gas phase oxidation. However upon higher temperature, kinetic
limitations are raised and the thermodynamic tendency of cobalt to form an oxide leads to its

surface segregation over Pt. As in the previous case reduction in Hy is favored over graphene
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supported sample. Addition of Pt promotes the reduction of Co on both substrates due to the
hydrogen spillover effect; in this case, CoO on ZnO could also be reduced at low Hz pressure
(5 x 107" mbar). Under medium oxidation conditions (7 mbar O,), Co oxidation rate was very
similar on both substrates. However, we also observed Pt oxidation which was much easier on
ZnO than graphene. Oxidized Pt and Co could be readily reduced to the metallic state, while

a lower reduction temperature was still observed on G/ZnO.

Raman results indicated that the high annealing temperature and oxidation environment
were more critical for the stability of graphene, while relatively low temperature hydrogen
treatments had little influence on graphene. This part of the work proved that single layer
graphene can be used to tune the metal-support interaction in a more complex system (Co-Pt).
Although under all experiment conditions Pt hindered the oxidation of Co and accelerated the
reduction of Co oxides, graphene was found to enhance these effects and even protected Pt

from high pressure oxidation.

6.2 Perspective

In this work, single layer graphene has been used to modify the interactions between metal
(Co, Co-Pt) and support (ZnO, SiO2). Results from Raman have demonstrated that bilayer
graphene islands are more stable than single layer graphene under medium pressure redox
treatments. This higher stability of bilayer (and multilayer) graphene has also been proved
under other conditions such as atomic hydrogen?, argon-ion sputtering®* etc. Moreover, large
scale producing and applying multilayer graphene are more practical than single layer
graphene.>® Thus, it is necessary to study further the bilayer and/or fewlayer graphene’s effect
to the metal-support interaction. Of course there is a limit on how many graphene layers might
be used since with increasing graphene layers the properties of graphene resemble those of
graphite. Therefore, a comparison between graphene with different numbers of layers should

be taken into account in future studies.

There are also a few interesting aspects of graphene modification. Introducing defects,
functional groups and heteroatoms onto graphene can enable us to adjust and optimize the
interaction between the metal nanoparticles and the graphene layer at the atomic level.” As it
has been reported, defects can be generated under controlled conditions by ion sputtering®
while nitrogen doped graphene can be produced through the CVD method,>%° besides,

controllable hydrogenation* and oxidation*''? of graphene has been realized under UHV
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conditions. These methods and the obtained graphene materials would be helpful for

investigating the effects of modified graphene to the metal-support interactions.

This work has illustrated that the graphene layer can significantly affect the Co morphology,
oxidation state and the segregation of bimetallic Co-Pt. Each of these effects plays an important
role in catalytic reactions. Thus, it would be interesting to carry out probe reactions, such as
CO adsorption and ethanol decomposition, on these materials and investigate the influence of

graphene to these catalytic reactions.

In order to bridge the “material gap” between our model system and technical catalysts, the
model substrates could be extended to graphene coated oxide supports with high surface area,
which can be tested under realistic reaction conditions. For these studies, literature results can

be used as a guide to produce graphene coated supports like for example SiO2* and ZnO*,

Overall, we hope that this thesis is not restricted only on the currently studied materials and
can be also used to predict the behavior of other oxide supports and metals used in catalytic but
also other applications (e.g. electronics). We also believe that proposes a relatively original
application of graphene as an oxide support moderator/promoter. This is a new perspective as
compared to previously suggested graphene use to protect metals from corrosion or as an

electrode material.
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Appendix

Supporting Information

Supporting Information 1: SEM images of graphene-ZnO and graphene-SiO; substrates

before cobalt deposition.

LSER ipokv 11 ] iPoms WD 60mm lym

Figure S1.Scanning Electron Microscopy (SEM) images of GZnO and GSiO2 samples before cobalt
deposition.



Appendix

Supporting Information 2: XPS spectra of 0.8 nm Co on SiO2 and on G/SiO fresh and after

treatment in 7 mbar O at two characteristic temperatures.

Co/G/SiO,
—— Corsio,

250 °C

25°C

Intensity (a.u.)
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Binding Energy (eV)

Figure S2 XPS spectra of Co/G/SiO2 and Co/SiO: obtained upon oxidation in 7 mbar Oz up to 250 <C
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Supporting Information 3: Two characteristic examples of the Co 2p XPS peak fitting

procedure followed for the calculation of the mean valence state of cobalt.
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Figure S3 An example of XPS spectrum deconvolution. (a) Co/G/SiO: after oxidation at 150 °C and (b)
Co/G/SiO: after reduction at 300 °C.
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Supporting Information 4: Co Ledge NEXAFS spectrum of Co/ZnO(0001) annealed at 320
Cin 0.3 mbar H

Figure S4 show the Co Ls-edge NEXAFS spectrum of Co/ZnO (0001) sample after
treatment at 360 <C in 0.2 mbar H,. The peak position and the line shape of the Co L-edge
spectrum depend on the local electronic structure of the Co?* ions. The low intensity the low
photon energy shoulder (about 778 eV) is characteristic of tetrahedrally coordinated Co?* ions

probably forming a mixed Zn1.xCoxO oxide.
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Figure S4 Co Ledge NEXAFS spectrum of Co/ZnO(0001) annealed at 320 C in 0.3 mbar H:2

182



Appendix

Support Information 5: Histogram of diameters for Co nanoparticles on different substrates

after medium redox treatments.

All AFM images were analyzed with Image Analysis software (version 3.5.0, NT-MDT). A
3rd order plane subtraction was applied to correct the scanning drift and image bow. The Co
particle size distribution was obtained through “Grain Analysis” tool of Image Analysis
software with parameters for densely packed nearly spherical particles. Other geometric

parameters of the particles such as average size, volume, height etc. can also be obtained.
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Figure S5 Histograms and processed images used for the for the estimation of the cobalt average diameter
based on the AFM images after the redox treatments
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Support Information 6: SESSA simulation model.

The intensity ratios of the XPS spectra were simulated by the Simulation of Electron Spectra
for Surface Analysis (SESSA) software, Version 2.0 (National Institute of Standards and
Technology, Gaithersburg, MD). For the SESSA simulation, the geometry between sample, X-
ray gun and analyzer was set the same as the configuration of the XPS experiment. The
inelastic mean free path values were calculated by the software using the TPP-2M formula.
The parameters, such as photoionization cross sections, material density etc., were also used
from the default database of the software. Islands morphology was chosen to simulate the
particle structure of supported Co. Figure S6 shows the model of Co/G/ZnO sample. The
average diameter and height values from the AFM images were used for the length and height
of Co islands while the density of Co islands was calculated by (the volume of deposited Co) /
(the volume of each Co island). The graphene layer thickness was set to be 0.35 nm for both
Co/G/Zn0O and Co/G/SiO2 samples. Based on this model, a XPS spectrum can be simulated

and the intensity ratio of Co/substrate can be calculated.
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Figure S6 A model of SESSA simulation (Co/G/ZnO sample)
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Symbols and Abbreviation

AFM

ARXPS

CvD

DFT

FWHM

G/SiO2

G/ZnO

HOPG

HREELS

LEIS

ML

oM

Raman

SEM

ST™M

TPD

UHV

XPS

Symbols and Abbreviation

Atomic force microscopy

Angular resolved X-ray spectroscopy
Chemical vapor deposition

Density Functional Theory

full width at half maximum

Gaphene coated SiO>

Gaphene coated ZnO

Highly ordered pyrolytic graphite

High resolution electron energy loss spectroscopy

Low energy ion scattering
monolayer

Optical microscopy

Raman spectroscopy

Scanning Electron microscopy
Scanning tunneling microscopy
Temperature programmed desorption
Ultra high vacuum

X-ray photoemeission spectroscopy
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7 Tuning the Redox Properties of Cobalt Ecole Doctorale des
Particles Supported on Oxides by an In- selences Chimiques
between Graphene Layer

Résumé

L'interaction métal-support (MSI) joue un réle important dans la catalyse hétérogene. La
compréhension et la modification du MSI sont des étapes essentielles pour developer catalyseurs de
haute performance. Dans cette thése, un nouveau concept, qu’il s’agit de recouvrir le support I'oxyde
avec un revétement mono-couche de graphene, a été proposé pour modifier le MSI. L'influence de la
couche de graphene sur les interactions de métal (Co et Co-Pt) - oxyde (ZnO et SiO2) et sur les
propriétés d'oxydo-réduction des particules métalliques ont été évaluées via des systemes
catalytigues de modele. Les résultats ont montré que la mono-couche de graphéne peut influencer
considérablement les états d'oxydation et les morphologies des Co monométallique et Co-Pt
bimétallique par rapport aux ceux résultent d’'un dépét direct sur les oxydes nus. En particulier, par
calcination sous vide, le graphéne protége Co d'étre oxydé par ZnO, ce qui conduit a la formation
d’'un mélange métallique Co-Pt. Co interagit avec les substrats d'oxydes pour former des particules
plates qui sont facilement oxydés par Oz en pression faible, tandis que l'insertion d'une couche
intermédiaire de graphéne entre la couche supérieure métallique et le supporte d’oxyde entraine la
formation des nanoparticules de Co en état treés dispersés, qui sont résistants a I'oxydation. Sous la
condition de réduction par Hz, le graphéne favorise clairement la réduction de Co. La quantité de dépot
de Co, le substrat d'oxyde, la température de calcination et I'environnement ont été prouvés pour
pouvoir influencer la stabilité de graphéne. Ces résultats ouvrent des nouvelles voies possibles
d'utiliser le graphéne comme promoteur dans des réactions catalytiques a l'avenir.

Mots clés: Cobalt, Graphene, Platinum, ZnO, SiOz, interaction métal-support, les propriétés redox

Résumé en anglais

The metal-support interaction (MSI) plays an important role in heterogeneous catalysis. Understanding
and tuning the MSI are essential steps for developing catalysts with high performance. In this thesis,
a new concept, which is coating the oxide supports with a single layer graphene, was introduced to
modify the MSI. The influence of graphene layer on the metal (Co and Co-Pt) — oxide (ZnO and SiO2)
interactions and on the redox properties of metal particles were evaluated through model catalyst
systems. The results showed that single layer graphene can significantly influence the oxidation states
and morphologies of both mono Co and bimetallic Co-Pt as compared to the one after direct deposition
on bare oxides. In particular, under vacuum annealing, graphene protects Co from being oxidized by
ZnO and results in Co-Pt metallic mixture. Co interacts with oxide substrates forming flat particles
which are easily oxidized by low pressure Oz, while insertion of a graphene interlayer between the
metal overlayer and the oxide supports leads to the formation of highly dispersed Co nanopatrticles,
which are resistant to oxidation. Under Hz reduction condition, graphene evidently facilitates the
reduction of Co. The deposition amount of Co, the oxide substrate, the annealing temperature and the
environment were proved to influence the stability of graphene. These results explore new directions
for the possible future of using graphene as a promoter in catalytic reactions.

Key words: Cobalt, Graphene, Platinum, ZnO, SiO2, metal-support interaction, redox properties
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