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Résumé

Les performances d’un catalyseur sont connues pour étre influencées par plusieurs
facteurs, I'état d’oxydation de surface étant I'un des plus importants. Les catalyseurs
a base de cobalt, qui apparaissent comme des matériaux prometteurs pour la
réaction d'oxydation préférentielle du monoxyde de carbone dans un mélange riche
en hydrogéne (COPrOx), font cependant I'objet d'un débat intense ., au sujet de I'état
d'oxydation de leurs sites actifs durant la réaction. Dans cette these, nous avons
utilisé la techniqgue de NAP-XPS en operando combinée avec d'autres méthodes de
caractérisations in et ex situ pour corréler l'activitt COPrOx a I'état d'oxydation du
cobalt. Sur la base des résultats de NAP-XPS et NEXAF, CoO a éteé identifiee comme
la phase optimale pour la COPrOx, tandis que les premiers calculs modélisation ont
permis d’expliquer cettedécouverte. Il a également été noté que CoO est métastable
et s'oxyde rapidement dans des conditions COPrOx conduisant a la désactivation du
catalyseur.

Mots clés: Co304, CoO, NAP-XPS in situ, NEXAF in situ, oxydation préférentielle
du CO, vanadium, manganéese, DRIFT operando, pression atmosphérique
NEXAFS, operando, site actif

Résumeé en anglais

Catalytic performance is known to be influenced by several factors, with the catalysts’
surface oxidation state being the most prominent of all. Cobalt appears as one of the
most promising materials for preferential oxidation of carbon monoxide in hydrogen
rich mixtures (COPrOx). However, the oxidation state of the active sites on
cobalt-based catalysts for COPrOx is a subject of intense debate. In this thesis, we
use operando NAP-XPS and NEXAFS combined with DFT and other in situ and ex
situ characterization methods to correlate COPrOx activity and cobalt oxidation state.
Based on NAP-XPS and NEXAFs results, we identified CoO as the optimum cobalt
oxidation state, while first principal calculations provided a rational explanation of this
finding. We also noted that CoO is metastable and oxidizes fast under COPrOx
conditions leading to catalyst deactivation.

Keywords: Co0304, CoO, in situ NAP-XPS, in situ NEXAFs, CO preferential
oxidation, vanadium, manganese, active site, operando DRIFTs, atmospheric
pressure NEXAFS, operando, active site
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Résumé

1) Introduction

L'oxydation préférentielle du monoxyde de carbone (COPrOXx) est I'une des méthodes les plus
simples et les plus efficaces pour 1’élimination du monoxyde de carbone (CO) résiduel de
I’hydrogéne utilisé pour I’alimentation des piles a combustible a membrane échangeuse de
protons (PEMFC). Un catalyseur PrOx idéal doit étre tres sélectif vis-a-vis de I'oxydation du
CO, tout en évitant les réactions d'oxydation de H. et de méthanation du CO.! Parmi les
catalyseurs PrOx rapportés, les catalyseurs a base de cobalt et de cuivre sont considérés
comme des alternatives aux catalyseurs a base de métaux précieux (métaux du groupe du
platine, PGM). Les catalyseurs a base d’oxyde de cobalt, actifs a trés basse température (des
-77 °C) pour Il'oxydation du CO,? sont considérés comme les catalyseurs COProx les plus
prometteurs. Malgré I’évaluation de nombreuses formulations de matériaux dans la littérature
(nanostructures CoszOs de diverses morphologies,® oxydes de cobalt promus,* catalyseurs
cobalt supportés) les catalyseurs a base de cobalt ne répondent pas encore aux exigences d'un
catalyseur COPrOx efficace. Des inconvénients tels que la température élevée de début
d'oxydation du CO dans un milieu riche en H, la possible méthanation du CO a
température plus élevée et la désactivation rapide du catalyseur nuisent a leurs performances.
Pour résoudre ces problemes, la compréhension des mécanismes fondamentaux, tels que la
phase active réelle du catalyseur et les interactions a l’interface entre le cobalt et son

promoteur ou support, sont inévitablement nécessaires.

Dans le but de concevoir des catalyseurs a base de cobalt efficaces, il est essentiel d'identifier
la phase la plus active du cobalt lors de la COPrOx. Dans la majorité des études, le Co304 est
considéré comme la phase active °. Ce résultat est étayé par de récentes études de surface in
situ montrant que le CosO4 est stable en milieu réducteur COPrOx.® Au contraire, d'autres
études ont montré que le Coz04 réduit en monoxyde de cobalt (CoO) se révéle plus actif pour
I'oxydation du CO.”® Par ailleurs, d’autres études in situ ont montré que I'état de surface du
cobalt pendant la réaction était non steechiométrique (de type CosOu4—).? La réponse ambigué
sur la phase active est due a la difficulté de définir I'état d'oxydation de surface du catalyseur
dans les conditions de réaction COPrOx. Dans ce contexte, le chapitre 3 a été consacré a la
comparaison des performances en COPrOx des phases CoO et C0304 obtenues a partir d’un

méme matériaux (poudre de cobalt pure). De cette maniéere, nous nous sommes concentres
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sur l'activité intrinséque des oxydes de cobalt tout en contournant les effets liés au support
et/ou a la morphologie du catalyseur. L’originalit¢é de ces travaux réside également dans
I’utilisation de la spectroscopie operando en complément de la caractérisation standard du

matériau, permettant le suivi de 1’évolution du matériau en conditions réactives.

Parmi les catalyseurs a base de cobalt prometteurs signalés, le systeme Co—Mn a montré une
meilleure activité pour l'oxydation du CO par rapport aux oxydes de cobalt simples. 1ot
Notamment, le systtme Mn-Co-O a montré une excellente activité et stabilité en COPrOx.*2
Dans le but d’optimiser davantage la réactivité du systéeme Co-Mn, il est essentiel de
comprendre les interactions entre Co, Mn et les réactifs. L’¢tude de catalyseurs mixtes
Co-Mn fait donc I’objet du quatriéme chapitre, notamment via le suivi de I'évolution de I'état

d'oxydation du manganese et son effet sur le cobalt en conditions réactives.

Dans le chapitre 3, la spectroscopie photoémission a pression proche de I'ambiante
(NAP-XPS) a révélé que la phase optimale de CoO est radicalement transformée, conduisant
a la diminution de l'activité et a une mauvaise stabilité. En général, les ions métalliques a
valence variable sont considérés comme des modificateurs actifs qui peuvent régler la liaison
chimique ou I'état de surface des catalyseurs a oxyde métallique. Ainsi, dans le cinquiéme
chapitre, nous nous sommes concentrés sur I'amélioration de la stabilité de la phase CoO
pendant la réaction de COPrOx. Dans cette étude, le vanadium, qui a des états d'oxydation
nombreux,’® a été additionné a des nanoparticules de CoO commerciales. Les oxydes de CoO
promus par V ont ensuite été évalués pour la réaction de COPrOx aprés un prétraitement
réducteur. Aprés comparaison des performances catalytiques de catalyseurs simples Co et
mixtes Co-V, les interactions entre V et les nanoparticules de cobalt réduites ont été élucidées

par une série de caractérisations ex situ et in situ.

2) Résultats et discussions

a. La définition de la phase active optimale des catalyseurs a base d’oxydes de cobalt
pour la COPrOx.

Dans le chapitre 3, nous comparons directement CoO et CozO4 pour la COPrOx en utilisant la
méme poudre d'oxyde de cobalt non supportée aprés des prétraitements en milieu oxydant et
réducteur. Les tests catalytiques démontrent que le Co pré-réduit (PreH2-Co) présente une
conversion de CO beaucoup plus élevée que le cobalt pre-oxydé (PreO.-Co). L'activité
spécifique de surface de deux catalyseurs au cobalt est représentée sur la Figure 1. A 200 °C,
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I'activité spécifique du PreH,-Co se révéle étre environ 8 fois plus élevée que celle mesurée
pour le PreO,-Co. Lorsque la température de réaction augmente au-dessus de 250 °C,
I'activité du PreH.-Co est stabilisée, provoquant des activités spécifiques similaires pour les
deux catalyseurs. De la méme maniére, le PreH>-Co montre également une meilleure

sélectivité envers de I'O2 consommé par I'oxydation du CO.

120 1 (b) sélectivité en oxygéne
é
% —Q— PreH_-Co
o 80 - —@— PreO,-Co
X
o
c
(]
2
S 401
3]
Q
‘O
)
0+
L] L] L] L] L] L]
50 100 150 209 250 300
Température ("C)
E120 4 (a) Activité spécifique a la surface
<
S5
E 1—@— PreH,-Co
- -9- PreO,-Co
3 80 4
8
5
(%))
o
«C
[}
5 407
5
‘O
o
(%]
py
= i
3] 0 -
<

— T
50 100 150 20 250 300
Température ("C)

Figure 1. a) Activité spécifique de surface ou quantité de CO convertie par surface en mmol h
m et b) Sélectivité O, en CO, pour PreO,-Co et PreH»-Co en fonction des mesures de
chromatographie en phase gazeuse (GC) en fonction de la température.

Les images de la microscopie électronique a balayage (MEB) et microscope électronique en
transmission (MET) démontrent que les différents prétraitements entrainent de petits

changements sur la structure et la morphologie des particules de cobalt. Cependant, les
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résultats de la caractérisation diffractométrie de rayons X (DRX) indiquent que la question de
la phase active de PreH»-Co pendant la réaction est ambigué. Par exemple, le
diffractogramme du PreH>-Co usé est révele la présence de pics de diffraction des phases
Co0 et Co304,* suggérant que la structure de cobalt est affectée par le prétraitement H, et
oxydée davantage pendant la réaction COPrOx. Pour définir la phase active réelle du cobalt
pendant la COPrOx, en particulier pour PreH-Co, des expériences synchrotron ont été
réalisées en conditions reactives (P = 0,5 mbar). Comme présenté en Figure 2, I'étude
operando de NAP-XPS illustre la prédominance de la phase CoO en surface du catalyseur
PreH2-Co pendant la réaction de COPrOx, tandis que Co304 est confirmé comme étant la

seule phase active de PreO2-Co.
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Figure 2. Spectres NAP-XPS in situ de Co 2p sur PreH»-Co sous conditions de COPrOx a
différentes températures sous 0.5 mbar. L'encart montre la distribution des phases de cobalt
obtenues par déconvolution de pic de Co 2p. Conditions de réaction: 1% CO, 2% O et 97% H>
a 0,5 mbar avec une vitesse de montée en température de 5 ° C/ min; avant la réaction, le cobalt
a été réduit dans 1 mbar H2 & 400 oC pendant 30 min. b). Spectres NEXAFS in situ de
PreO,-Co et PreH,-Co enregistrés a 300 ° C dans les conditions de réaction susmentionnées

Afin d'examiner l'effet de I'écart de pression entre les expériences spectroscopiques et

catalytiques (0.5 mbar au lieu de 1 bar) sur la stabilité du CoO, la réaction COPrOx sur
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PreH,-Co a été réalisée a différents regimes de pression a l'aide d'un réacteur a pression
variable. Les résultats obtenus fournissent des preuves solides en faveur d’un maintien de la
phase CoO pendant la réaction de COPrOx a des températures d'environ 200 °C et des
pressions de réaction realistes. Au contraire, les mémes experiences effectuées ont montré
que seule la phase Co304 était détectée sur PreO»-Co apres réaction. Il est donc conclu que
CoO est plus actif que Co3Os pour la réaction de COPrOx. Le meécanisme de réaction
impliquant ces deux phases a ensuite éte élucidé par analyse infrarouge (DRIFTS) et calcul la

théorie de la fonctionnelle de la densité (DFT).
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Figure 3. Les spectres XPS Co 2ps2 de PreHz>-Co mesurés apreés réaction COPrOx a4 210 °C a
différentes pressions totales. Le spectre Co 2ps. a 0,5 mbar est NAP-XPS in situ, tandis que les
spectres Co 2ps2 a pressions plus élevées ont été enregistrés ex situ aprés 30 min de réaction
suivie d'une évacuation des reactifs et d'un transfert sous vide vers le spectrométre XPS. Les
graphiques en médaillon montrent les données QMS correspondantes de la consommation de
réactifs et des rendements en produits en fonction de la température de réaction enregistrée a
0,5 et 1000 mbar (la température de réaction dans ces expériences a été augmentée jusqu'a 300 °
C)

b. L’effet promoteur du Mn sur CoO pour la réaction de COPrOx

Dans le chapitre 4, trois catalyseurs MnOx-CoOx non supportés ont été préparés avec
différents pourcentages de Mn (0, 12,5 et 87,5 at.%) puis évalués par spectroscopie et

méthodes de caractérisation standards. Les tests catalytiques montrent que la faible addition
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de Mn au cobalt pur conduit a I'amélioration de sa réactivité vis-a-vis de I'oxydation du CO.
Les profils de distribution des réactifs et des produits, suivis par analyse SM de la phase
gazeuse a l'intérieur de la chambre de le spectrométrie photoélectronique X rayon (XPS), sont
présentés sur la figure 4. Il est observé que la production de CHs est inhibée en présence de

Mn, alors que I'oxydation du CO et I'oxydation H2 sont favorisées.

XX



(D,) aanesadwa | (o] mmv nyeadwa |

300
0
100

o
N
T

0

(a) CoOx

b)Co,, MnOx

('n ") JuaJana uoj|
('n "e) Ua14NI UO|

Time (h)

(C) CoMn,OX

300

Co

(20) EMHE@QE@ 1L
o

o~

O
-
=3
D
=

100

(‘n"e)uaiin)d uoj|

5h

4h

2N Time () 3N

1h

XXi



T T 1,0 T
CoO N \ CoO
X X, \\
804 —m— XCO / 084 —H— YCOZ ><=\ b
/ —m—Y
60 / 4 0,6 H20 4
" Yo \\
40 ; B 04+
204 T N 4 0,24
N 7#,,7777{
0 \é{ T \3é\ oo 8 I > . >
2 250 0 0 50 100 150 2 250 0
’\3 100 T T T 1,0 T T
< \
>~ {Co,MnO, N 5 |CoMnO,
2 80 1 T o8 | — P \\ 1
2 >
§ 60 B os - 1
$ N
] ] ]
S © /-\ il g o \\
5 R S -
3 20 g‘\ g 024 /
u
I T : s
8 0 50 100 150 \XQ\ 250 \K\O\ 0 50 100 150 \EQ\ 250 x&‘b\
100 T T T 1.0 T T T
\ r% CoMn,0O, B =]
804 4 0,8 u
60 0,6 \\
404 0,4 /
. : N
—— A o gy — 18 Ng
0 7 v r T T T T 004 R—r—7——8—" = — .
0 50 100 150 200 250 300 0 50 100 150 200 250 300
Temperature (°C) Temperature (°C)

Figure 4. Données spectrometre de masse a quadrupdle(QMS) (a), (b), (c) des CoOx-MnOXx.
Conditions: 1 mbar de 1% CO, 1% O; et 98% H,, plage de température entre 50 et 300 °C avec
une vitesse de chauffe de 10 °C / min entre chaque étage de température. Avant les tests d'activité,

les échantillons ont été prétraités dans la chambre XPS sous 1 mbar de H; a 400 °C pendant 1 h.

Dans la Figure 4 sont également présents les résultats de I'étude operando de NAP-XPS sur
les catalyseurs mentionnés ci-dessus en conditions de COPrOx a 1 mbar. Les spectres XPS de
Mn et Co correspondants indiquent I'évolution de leur état d'oxydation en fonction de la
température au cours du COPrOx. (Figure 5) Aprés déconvolution des spectres
correspondants, la distribution des différentes especes de cobalt et de manganése sur chaque
catalyseur est clairement clarifiée. A basse température, le cobalt et le manganese se révéle
étre principalement présentes a 1’état d’oxydation 2+. Le chauffage du catalyseur en
condition de COPrOx entraine alors I'oxydation du Mn?* en Mn*, tandis que le Co®* est
relativement stable dans les mémes conditions. Ce comportement d'oxydation du Mn se
traduit par plus de production d'eau et de CO, par rapport a une seule phase Co?* dans les
mémes conditions. En outre, une seconde étude spectroscopique basee sur le synchrotron a

indiqué que l'état de coordination de Co?*, Mn?* et Mn®" dans le systtme Co-Mn. Le
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comportement de ségrégation du Co-Mn dans H> et pendant la COPrOx est défini par une
analyse de profil en profondeur des spectres XPS.
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résultant de la déconvolution Co 2ps,. Conditions de fonctionnement: 1 mbar de 1% CO, 1%
O, et 98% Hy, de la température ambiante a 300 °C
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pendant la réaction COPrOx a 1 mbar.

c. La stabilisation de la phase CoO par incorporation de vanadium

Dans le chapitre 5, nous avons constaté que I'ajout de vanadium a I'oxyde de cobalt entraine
une amélioration significative des performances catalytiques en COPrOx. Comme le montre
la figure 6, l'addition de vanadium a l'oxyde de cobalt donne un matériau avec une activité
intrinséque plus élevée en conversion de CO. Une analyse DRX apres le prétraitement sous
H> puis la réaction a montré que les catalyseurs CoO et Vo.12sC0O contiennent tous deux la
phase Co°. Bien que la phase de vanadium ait été indistinctement observée par DRX, de la
cartographie la spectroscopie de rayons X a dispersion d’énergie(EDS) a permis de mettre en
évidence une dispersion homogene du vanadium dans les oxydes de cobalt. Les mesures de
H>-RTP ont ensuite permis de constater que la température de réduction des oxydes de cobalt

était décalée vers de plus hautes températures, mettant en évidence une interaction forte entre
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Co et V. Toutes les recherches sur la structure et la morphologie indiquent que le vanadium
exerce son effet promotionnel comme une phase de surface amorphe plutét que comme une

phase cristalline.
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Figure 6. Tests de activité et durabilité des catalyseurs CoOx et CoVOXx en fonction des mesures
de chromatographie en phase gazeuse (GC) en fonction de la température en 1bar. (a)
conversion du CO et (b) sélectivité du CO- en fonction de la température de réaction COPrOKx.
(c) conversion du CO et (d) sélectivité du CO; en fonction du temps de fonctionnement a 2
températures caractéristiques. Conditions expérimentales: 1% CO, 1% O, et 50% H. en débit
He-équilibré; 50 mg de catalyseur; 50 ml / min de débit total a pression atmosphérique.
Une étude de XPS in situ a révélé que la phase active du cobalt modifié par V était composée
de Co?" et V°*. La surface de cobalt du catalyseur sans V subit notamment une oxydation
suivie d’une réduction, entrainant une déstabilisation de la phase Co?*, tandis que la surface
en cobalt du PreH2-Vo.125C00 est plus stable, maintenant le Co?* comme état d’oxydation de
surface dominant. La présence de V°* améliore considérablement la conversion du CO en
améliorant donc la stabilité duCo?" en surface. En complément, une analyse par spectroscopie
d'adsorption des rayons X a directement mis en évidence la formation d'une phase de
vanadate de cobalt amorphe (contenant V°* et Co?*) a la surface de Vo.125C00. L’analyse in

situ XPS de V 2p (figure 5a) illustre que le vanadate de cobalt formé est stable pendant la
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COPrOx, fournissant ainsi une certaine quantité de Co?* en position octaédrique. De plus, les

résultats de la déconvolution démontrent que la phase de surface la plus élevée du cobalt se

maintient sous forme de Co?" octaédrique (figure 7c). Cela indique que la couverture de

vanadate de cobalt sur la surface empéche I'oxydation / réduction supplémentaire de la phase

Co?* isolée en profondeur. Dans I'ensemble, la formation de vanadate de cobalt amorphe a la

surface des nanoparticules de cobalt se traduit par plus de sites Co?* octaédriques en surface

du Vo.125Co0 comparé au CoO pur, améliorant ainsi l'activité de COPrOx.
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Figure 7. Spectres Operando NAP-XPS de Co 2p sur catalyseurs CoOx (a) et CoVOXx (b)
enregistrés a différentes températures pendant la réaction COPrOx: 1% CO, 1% O, et 50% H2
dans He, a une pression totale de 0.5 mbar. Chaque spectre a été enregistré apres environ 10
minutes de réaction. La distribution des espéces de cobalt obtenues par déconvolution de pic de
Co 2p est indiquée dans les graphiques a barres insérés. (c) Co 2p NAP-XPS et (d) Spectres
NEXAFS de bord Co L de catalyseurs CoOX et CoVOx dans des conditions qui favorisent la
formation de I'état Co?*, c'est-a-dire a 150 ° C dans un mélange COPrOx.

3) Conclusion générale

Les travaux de cette thése ont été consacrés a la définition d'une phase active optimale a base

de cobalt pour la COPrOx. Dans un premier temps, nous avons comparé directement l'activité

des phases CoO et Coz04 en combinant des méthodes analytiques ex situ et operando avec de
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la modélisation moléculaire. Le CoO a été identifié comme la phase favorisant le plus le
procédé COPrOx, fournissant un élément critique pour la conception rationnelle de
catalyseurs COPrOx efficaces et durables. Le chapitre suivant a ensuite été consacré a la
définition de la phase la plus active du systtme Co-Mn, qui est considérée comme le
catalyseur COPrOx a base de cobalt le plus prometteur. Les résultats ont révelé que l'effet
promotionnel du manganese était fortement lié a son état d'oxydation. Méme si plus
d’espéces Co?* sont formées a la surface de CoMn par rapport au cobalt pur en raison de la
formation d’oxydes mixtes, la formation de Mn20s entrave la réactivité vis-a-vis de
I'oxydation du CO en favorisant I'oxydation de H>. La phase CoO-MnO a été identifiée
comme la phase la plus active du systeme Co-Mn pour la réaction de COPrOx. Cependant, la
stabilisation de CoO-MnO est également difficile. Ainsi, plus d'efforts ont été réalisés pour
stabiliser la phase CoO dans les conditions de réaction. Dans ce contexte, le cobalt modifié au
vanadium a démontré une excellente stabilité et réactivité vis-a-vis de I'oxydation du CO en
milieu riche en hydrogene. Des ’études de XPS et de 1’adsorption des rayons X (NEXAFs) in
situ ont révéle que le vanadium se combine avec une certaine quantité de cobalt, formant une
phase de vanadate de cobalt amorphe en surface du catalyseur. Cette phase est formée par la
coordination des espéces V°* et Co?* octaédriques. Le vanadate de cobalt formé empéche non
seulement I'oxydation ou la réduction des espéces Co?*, mais fournit également une certaine
quantité de sites Co®" octaédriques actifs stables pour la COPrOx. Dans cette mesure, le
systeme Co-V-O réduit peut étre considéré comme un nouveau systeme prometteur pour la
COPrOx.
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Abstract

Catalytic performance is known to be influenced by several factors, with the catalysts’
surface oxidation state being the most prominent of all. Cobalt appears as one of the most
promising materials for preferential oxidation of carbon monoxide in hydrogen rich mixtures
(COPrOx). However, the oxidation state of the active sites on cobalt-based catalysts for
COPrOx is a subject of intense debate. In this thesis, we use operando NAP-XPS and
NEXAFS combined with DFT and other in situ and ex situ characterization methods to
correlate COPrOx activity and cobalt oxidation state. An important effort is devoted to
evaluating the effect of the pressure gap between NAP-XPS measurements (0.5mbar) and
realistic reaction conditions (1 bar). Moreover, the reactant residence time is found to play an
essential role on the surface evolution of cobalt oxidation state. Based on NAP-XPS and
NEXAFs results, we identified CoO as the optimum cobalt oxidation state, while first
principal calculations provided a rational explanation of this finding. We also noted that CoO

is metastable and oxidizes fast under COPrOx conditions leading to catalyst deactivation.

In the attempt to stabilize the CoO phase during COPrOx reaction, two promoted
cobalt-based catalysts (CoMnOx and CoVOx) have been studied for CO oxidation in the
presence of Hyo. BET, Ho-TPR, electronic microscopy and XRD were used to investigate the
effect of Mn and V promotion on structural and morphological properties of cobalt NPs,
while in situ NAP-XPS and NEXAFS were applied for the identification of surface active
phases of two promoted cobalt-based catalyst. In situ NAP-XPS demonstrated that Co?*
phase can be only partially stabilized in the presence of Mn. Operando NAP-XPS combined
with mass spectrometry results over CoMnOx catalysts indicated that the addition of Mn does
improvement the CO conversion on cobalt, but the transformation of Mn®*" to Mn?* enhances
the unwanted H, oxidation reaction. Similar study on CogVOx catalyst for COPrOx reaction
proved that the introduction of V into CoO NPs can stabilize the CoO phase under COPrOx
gas environment, thus CogVOx has exhibited remarkable improvements of reactivity and
stability for COPrOx. Simulation of the NEXAFS results using multiplet calculations
demonstrated that the distance of Co?*-O is modified by the V, thus properly enhances the
oxygen mobility on cobalt surface, leading to increase of the CO oxidation reactivity. Herein
this thesis, we have firstly identified the optimum oxidation state of cobalt for CO conversion
in H2 feed stock and in a second step we tried to optimize the reactivity and stability of the

most active phase via introduction of another component as a promoter.
1
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Chapter 1

Literature Review



1.1 Importance of CO preferential oxidation (COPrOx) for
hydrogen purification

Fossil fuels, which include coal, oil, and natural gas, supply about 80 percent®® of the world’s
energy. When these non-renewable fuels, are burned, they release greenhouse gases (mainly
carbon dioxide and methane), which in turn trap heat in our atmosphere, making them the
primary contributors to global warming and climate change.'® This fact has driven scientific
community and governmental agencies to put an increasing attention to the development of
environmentally friendly technologies for energy production. This combines, clean and
renewable energy sources, to replace fossil fuels as well as energy conversion devices with
high efficiency. In order to meet these requirements in transportation sector, automotive
companies have developed new technologies and prototype vehicles adopting fuel cells to
power the “zero emission” vehicles of the future. Fuel cells are currently one of the most
promising energy conversion systems and are expected to play a key role in the energy
transition process. A variety of fuel cell types for different applications has been developed,
including proton-exchange membrane fuel cells (PEMFCS) operating at ~80°C, alkaline fuel
cells (AFC), operating at ~100°C, phosphoric acid fuel cells (PAFCs) for ~200°C operation,
molten carbonate fuel cells (MCFC) at ~650°C, solid oxide fuel cells (SOFC) for high
temperature operation, 800-1100 °C, etc..!” Among them, PEM fuel cells, has been
considered maybe as the most promising technology for future due to its advantages of low
operating temperature, operation at high current density, potential for low cost and volume
etc.. Moreover, PEM fuel cells using hydrogen fuel as energy carrier are becoming a
competitive technology to batteries, for future electrical vehicles. This is because hydrogen
used in fuel cells has energy to weight ratio that is ten times greater than lithium-ion batteries.
Consequently, it offers much greater range while being lighter and occupying smaller volumes.
It can also be recharged in a few minutes, similarly to gasoline vehicles. Recently, the
application of PEM fuel cells has been significantly developed and demonstrated in fuel cell

vehicles.!8

PEMFC is an energy conversion device that directly converts chemical energy into
electricity by an electrochemical reaction. The key component of a PEMFC is the membrane

electrode assembly (MEA). MEA is composed of a proton exchange membrane (PEM)
3



placed between two electrodes (anode and cathode), as shown in Figure 1-1. The electrodes are
typically made from a porous, electrically conducting carbon layer serving also as a high
surface area support for the electro-catalyst. Hydrogen supplied at the anode is ionized into
positively charged hydrogen ions (protons) and electrons in the presence of catalyst. The
catalyst facilitates the electrochemical reactions and the adsorption of the reactant species.
Electrons from the anode and protons that have crossed the membrane combine with oxygen

at the cathode to form water that flows out of the fuel cell.

—_—
Excess fuel |e e'e|
oy = fe I: H,0
I s
H+
1 (1L
H,+CO , | . o,
Anode / | \ Cathode

Proton exchange membrane

Figure 1-1. The reaction scheme of PEMFC. Taken from 1°

The electrocatalyst, typically platinum (Pt) or a Pt-based alloy (e.g. PtRu) and the
membrane, usually a fluorocarbon-based polymer, are both sensitive to impurities that exist in
the hydrogen fuel and oxidant feed streams.?® As it is a transportable and storable
zero-carbon-emission energy carrier, Hz is the primary fuel for PEMFC applications.?
Because of the rising demands of hydrogen, many technologies for hydrogen production has
been developed, including steam methane reforming (SMR), partial oxidation processes
including auto-thermal reforming (ATR) of methane and coal gasification. Due to excess of
intermitted electricity produced by photovoltaics, water electrolysis is also considered as an
alternative method for hydrogen production. Even though, hydrogen production from
renewable sources is the choice of the future, currently the majority of hydrogen worldwide is
produced by industry is based on catalytic steam reforming (SR) processes.?” In the SR
method hydrocarbons (mainly methane from natural gas feedstock), reacts with water vapors
to produce syngas (hydrogen and carbon monoxide), according to the reaction: CHs + H.0 =

CO + 3Hoa. Inevitably H> obtained by the SR process contains carbon monoxide (CO), carbon

4



dioxide (CO2) and methane (CH4). Among them, carbon monoxide is the most critical
impurity for PEMFC applications. This is because CO tends to adsorb onto the active sites of
the platinum catalyst and to decrease the number of sites available for hydrogen adsorption
blocking the electroxidation reaction.?®> 10 ppm of CO in the feed gas can deactivate the
catalysts, decreasing fast the output voltage of the cell.?* Undoubtedly, wide
commercialization of PEM fuel cells demands of high durability of the electrocatalysts,

therefore the elimination of CO in H: feed gas is significantly required.

The recommended CO content in H feed gas for PEM fuel cells is less than 0.5 ppm.®
This surges the development of diverse Hz-purification technologies. Membrane technology
appears as an energy efficient solution for purifying Ha required for fuel cells. However, the
slow diffusion of the gases in the membrane barriers its industrial application.?! Catalytic
methanation of CO is considered as another alternative to remove traces of CO in H; at the
very beginning of the purification procedure. Nickel based catalysts were the most effective
catalysts for CO methanation but there are several bottlenecks to overcome including carbon
formation which causes deactivation of catalyst due to coking.?® Moreover, the use of Ni in
mobile applications is considered a potential health hazard.?” As a result, CO methanation is
not viewed as a compatible method neither. Thus, CO preferential oxidation in the presence
of H2 (COPrOx) has been considered as the most straightforward and efficient approach to

lower the CO level to meet the operational requirements of PEMFC.1%28
1.2 COPrOx catalysts

The origin of CO-PrOx reaction lies in the Haber—Bosch process, which is used for
production of ammonia. As in the case of PEMFCs, the Haber—Bosch reaction has also a strict
requirement of CO-free hydrogen, as CO is a strong catalyst poison for platinum-based
catalysts used in this process. The reactions involved in the COPrOx process are described in

the following list:

CO + 0.50, — CO,; AH,qq = —283.6 kjmol™* Eqg. 1-1

H, + 0.50, — H,0; AHyoq = —243.5 kjmol ! Eq. 1-2



CO + 3H, — CH, + H,0; AHy9 = —206.2 kjmol Eq. 1-3

CO, + 4H, — CHy + 2H,0; AH,9g = —164.6kJmol™! Eq. 1-4
2C0 — C + C0y; AHy9q = —172.3 kjmol ™t Eq. 1-5
CO + 3H, — CH, + H,0; AH,qq = —41.4kJmol™?* Eq. 1-6

CO conversion to CO2 (equation 1-1) at low temperature in the presence of H: is the target
of COPrOx reaction. However, in addition to the desired reaction of CO oxidation, COPrOx
involves undesired Ha> consumption because of H> oxidation and CO methanation depending
the type of catalyst and the temperature. Herein, the two side reactions should be highly
minimized to avoid the consumption of H.. Moreover, the water produced from the two
reactions is considered as a poison the catalysts.!® Thus, a desirable COPrOx catalyst should
be highly effective for CO conversion to CO but inert for H2 conversion and CO methanation.
Since last century, considerable efforts have been invested into searching for efficient
COPrOx catalysts.” To date, catalysts for COPrOx can be basically classified into noble
metal-based catalysts and non-noble transition metal oxides.! The most active noble metal
catalysts for COPrOx are Pt and Au. The effect of preparation method, morphology, structure,
promoters and support on the catalytic performance of Pt and Au-based COPrOx catalysts
have been thoroughly reviewed in the past. Herein, the next part summarizes the reports of

CO preferential oxidation over noble and no-noble metal-based COPrOx catalysts.
1.2.1  Noble metal-based catalyst

Noble metal-based catalysts have attracted considerable attention for COPrOx due to their
superior CO thermal oxidation activities. The noble metals in group VIII (Pt, Ir, Ru, and Rh)
and group IB (Au and Ag) are considered as the most active catalysts for CO oxidation in the
absence or presence of H,.2° Furthermore, their catalytic performance have been dramatically
improved after supporting them on different oxides or combining them with another
components. Among them, Au and Pt supported on different oxide carriers and combined

with transition metals, they have shown impressive CO conversion even at room



temperature.’
1.2.1.1 Platinum-based catalysts

It is known that pure Pt has very low activity towards CO oxidation due to the poisoning
effect of CO, which adsorbs and covers Pt’s active surface sites, competing with O
adsorption.®*3! However, Pt based supported catalysts (on alumina, silica, silica gel, etc.)
have exhibited excellent activity and have been commercialized. The first patent for the
COPrOXx catalyst was awarded to Engelhard Industries Inc. in the 1960s, in which supported
Pt/Al>O3 catalysts were applied to purify the hydrogen for the application of ammonia
synthesis. In this patent, the CO can be efficiently removed by using Pt/Al,Oz around 100 “C.
After that, Pt-supported catalysts became one of the most heavily studied catalysts for CO
oxidation in the absence, or in the presence, of Hz. To date, various Pt-based catalysts have
been developed for COPrOx in a wide operation temperature window (e.g., 80—180 °C) for
the PEMFCs applications. In 1987, Los Alamos National group published a study for
COPrOx over 0.5% Pt supported on alumina (Al203), revealed that the higher the content of
02, the higher the conversion of CO and H. achieved.®® When the molar ratio of O, to CO

was 2, the conversion of CO reached 100% above 160°C, but when the molar ratio of O, to

CO was 1, the conversion of CO was less than 100% under identical reaction conditions. This
report indicated that the gas composition of COPrOx reactants plays a role of catalytic
performance of Pt-based catalysts. In addition to the influence of feed gas ratio, the catalytic
performance of Pt based catalysts can be promoted by pretreatment of Pt/Al,Oz catalyst in
water vapors. It was found that the pretreatment in H>O vapor can reduce the particle size of
Pt and enhance the CO activity of the catalyst at low temperatures.®*

In early stage, inert compounds such as SiO2, Al20O3, and zeolites were used as supports to
immobilize Pt particles. Among these supports, Igarashi et al.>> have shown that the activity
of Pt catalyst can be improved by using zeolites instead of Al.O3 support. In the presence of
large amount of hydrogen and low concentration of oxygen, Pt supported on molecular sieves
can selectively oxidize more CO compared to the traditional Pt/Al.O3 catalyst. 3 Moreover,
comparison of the reactivity of Pt supported on different zeolites shown that Pt supported on
Faujasite (FAU-type) zeolites is more active than on MOR, ZSM and ETS-10 type zeolites. ¥
The superior activity of Pt supported on FAU is attributed to the large pore size and pore

volume of FAU zeolites, leading to higher dispersion of Pt particles.
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More recently, reducible oxides such as CeO2 and FeOx gradually replaced the inert
supports for Pt supported catalysts and received increasing attention. Among these catalysts,
Pt/CeO2 was not only considered as the most active but also the most selective catalyst for
COPrOx, reaching near 100% of CO conversion and CO; selectivity at low temperature of
about 100 °C.3"*® It is proposed that the highly hydrated ceria with significant vacancy
density provides an oxidizing agent at the interface between Pt and Ce. This agent reacts with
the nearby surface carbonyls formed on the Pt particles yielding CO,. Another study on the
mechanism of the COPrOx reaction over Pt/ceria catalysts, via multiple steady-state in situ
spectroscopy (DRIFTS and XPS) at different partial pressures of O2 and/or CO, indicated that
the oxygen vacancy formation is correlated with the enhanced CO oxidation activity.
Therefore the water desorption is hindered due to preferential oxidation of CO instead of Ha.
More studies on Pt/CeO> system demonstrated that a Pt-O-Ce interface is formed in Pt-CeO-
catalyst, while ionic Pt species is formed on CeO2-C0304 supports due to the transfer of
lattice oxygen from reducible oxides, indicating the strong interaction between Pt and its
supports. Bugaev’s group have recently illustrated the evolution of the atomic structure of
Pt/CeO> during COPrOx by application of extended X-ray absorption fine structure (EXAFS)
and X-ray absorption near-edge (XANES) spectroscopies.®® As illustrated in Figure 1-2, the
structure of Pt atom is varying with different reaction temperature from a-PtO> stacked layers
to single layer and eventually forms alloyed Pt particle bonded to Ce due to exposure to CO
and Hz in PrOx composition, indicating the dynamic behavior of Pt phase during COPrOx

reaction.
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Figure 1-2. lllustration of the evolution of an atomic structure of the Pt/CeO, under PrOx
conditions and at elevated temperature: (a, b) 4% Pt/ceria and 2% Pt/ceria in helium at room
temperature; (b—d, f) 2% Pt/ceria at elevated temperature under PrOx; (e) reduced 4% Pt/ceria
under PrOx. Taken from *

In addition to the effects of the support and the feed gas ratio, the addition of another metal
(such as Ru, Fe, Co, Cu, Sn, Mn, Ce, Nb, Ni, and even alkali metals) to Pt-based catalysts can
considerably improve the COPrOx activity.*>#! Both Co and Cu has shown a promotional
effect on Pt supported on SiO, for COPrOx by forming intermetallic compounds (IMCS).*
The formation of IMCS weakens the Pt-Pt bond and promotes electron charge transfer from
Pt to Co or Cu. The charge transfer results in weaker adsorption of CO on the IMCS surface
as compared to the pure Pt. Although both catalysts exhibited 100% CO conversion from
80°C-180°C, PtCos has better selectivity of O2 towards CO- than that of PtCu. The promotion
effect of Co on supported Pt catalysts has been also studied over PtCo/TiO, and
PtCo/Al,03.44 Among various PtCo supported catalysts, PtCo supported on YSZ (Pt:Co =
1:5, 0.5 wt.% Pt) shows the best COPrOx reactivity which can reduce CO content in H-feed
gas below 10 ppm at 110-150 "C even with reactants containing water and carbon dioxide.*®

To date, there is still an open debate about the active phase in PtCo-based catalyst for CO
conversion. Ko et al.*® reported that the formation of isolated bimetallic Pt-Co nanoparticles

is responsible for the observed high PrOx activity at room temperature (RT). On the contrary,
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Komatsu et al. found that the maximum PrOx activity over these PtCo catalysts was related to
the appearance of PtsCo or Pt-Co phases.*?*® Besides, the critical role of the Pt, Co
intermetallic compound in PtCo catalysts for PrOx of CO was investigated by Li et al,*’
suggesting that the surface Co oxides interacts with Pt and induce a promotional effect during
the reaction, which is consistent with the findings in another work from Yuan’s team.*® On the
contrary, Xu et al. proposed that the active PtCo catalyst phase is an architecture consisting of
Pt nanoparticles decorated with highly dispersed CoO nanostructures. This architecture is
formed after exposure to a reductive atmosphere, while similar structures have been observed

on PtCo/TiO; in Hz and methanol atmosphere.*

Bao’s group found that the combination of Pt-Fe supported on SiO exhibit almost 100%
CO conversion at room temperature (RT) under COPrOx atmosphere by forming an
“FeO-on-Pt” surface structure.*® Their later investigation on Pt-Fe system for CO catalytic
oxidation via XPS and XANES indicated that the surface architecture of Pt—Fe bi-component
catalyst can be controlled by reducing the catalyst in H, at various temperatures.®® As shown
in Figure 1-3, the reducing pretreatment of Pt-Fe catalyst results in different COPrOx activity
due to the different surface architecture formed at different H> reduction temperature. In case
of Fe-Pt bi-component supported catalysts, Pt forms a single atom catalyst directly dispersed
on the surface of FeOx support. This catalyst showed 2-3 times higher activity for CO
conversion than the cluster-sized catalyst. Strikingly, Cao’s group prepared atomically
dispersed iron hydroxide deposited on Pt/SiO> nanoparticles. They show that the activity of
this catalyst is 10 times higher than the Pt-single atom catalyst supported FeOx. This superior
activity was attributed to the high reducibility of isolated Fe;(OH)x on Pt.28 So far, this is the
most active Pt-based catalyst reported for COPrOx, with 100% selectivity to remove CO over
a broad temperature range from -75°C-110 °C. Such a high conversion of CO has been only
reported over certain surface planes of CosO4 but without the presence Hz in the feed gas.>*

10
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Figure 1-3. CO conversion (a) and O conversion(a) in the PrOx reaction (1% CO, 0.5% O,
50% H and He balance) over the Pt—Fe/CB catalysts reduced at the indicated temperatures. (¢)
Fe K-edge XANES spectra recorded in air from the Pt-Fe/SiO, catalysts reduced at the
indicated temperatures and (d) schematic diagrams of the structures of Pt—Fe nanoparticles
treated under various conditions. Taken from *

1.2.1.2 Au-based catalysts

Although bulk Au catalysts are inactive for CO oxidation, supported Au nanoparticles have
shown a 100% of CO conversion at room temperature.5>°® Many researchers have indicated
that the properties of the support play an essential role on the performance of Au-based
catalysts. It was commonly reported that the catalytic activity of Au supported on reducible
oxides was higher than that on non-reducible oxides. Among these reducible oxides, TiO2,>*
Fe203,%% MnO; and Cosz04°" are the most promising carriers for Au nanoparticles. These
oxides not only aid to the better dispersion of Au particles on their surfaces, but also facilitate
electron exchange due to facile changes of their oxidation state in the COPrOx atmosphere. A
thoroughly study system of supported Au catalysts is the case of Au/ CeO,. This catalyst
exhibits high catalytic activity for CO oxidation due to the existence of highly dispersed Au
particles formed by the interaction with surface defects of CeO..%® Moreover, the strong
interaction between Au and CeO: results in electron density transfer from Ce to Au, leading

to the partial oxidation of Au and partial reduction of Ce(IV) into Ce(lll), affecting the
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catalytic activity.>® Notably, the interaction of Au with the support (e.g. TiO2 or ZrO)
defines also the shape of Au particle.®® In turn, the difference of Au particles shape on the two
supports influences the number of low-coordination active centers, resulting in differences at

the CO conversion.

In addition to the influence of the support, the preparation method of supported Au
catalysts play a vital role for the reactivity as well. It is reported that the different preparation
methods do not only modify the crystal structure of Au and the support, but may also affect
the size of Au particles and their interaction with the support.®:®? Khoudiakov et al*® found
that the Au content over the Au/Fe2Oz catalyst prepared by the deposition-precipitation was
higher than that that prepared by co-precipitation method. A simple reason for that in the
former method, all Au in the solution of precursor is completely precipitated, avoiding the
waste of Au-containing sources. Moreover, as-prepared catalyst is more stable for CO

oxidation after longer heating treatment.

Heterogeneous catalytic reactions are classified into two groups based on the sensitivity of
catalytic activity to particle size.53®* The reactions in which the intrinsic activity of active
sites is dependent on the particle size are classified as structure-sensitive reactions, while the
rest of the reactions are structure-in sensitive reactions. It has been established for a long time
that CO oxidation over supported Au is structure-sensitive reaction, which means that the
catalytic activity and/or the selectivity of Au-based catalysts strongly depends on the particle
size of gold. As mentioned above, the size of Au particles is a function of several factors, but

primarily depend on the preparation method.55¢

For a good COPrOXx catalyst, the nanosized Au particles should be highly dispersed on the
surface of a metal oxide support and the optimum size of Au particles should be less than 5
nm. Bamwenda et al.®’ reported that the CO oxidation activity of Au catalyst prepared by
deposition precipitation method is about 4 times that of catalyst prepared by
photodegradation precipitation method. They found that the Au particle size of the catalyst
prepared by photodegradation precipitation method is more than two times larger than that
prepared by deposition precipitation method and used this difference in size to explain the
effect on the reactivity. Bethke et al. found that when the particle size of Au was 5-10 nm, the
Au/y-AlbO3 catalyst had the best catalytic activity and selectivity in the selective catalytic

oxidation of CO.% In addition, for Au catalyst, the catalytic activity of bimolecular layer
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catalyst is better than that of single molecular layer and multi molecular layer structure.®®
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Figure 1-4. Kinetic data (A). Arrhenius-type plot of CO oxidation rate normalized by total
amount of Au (a) and exposed Au surface atoms (b); XP spectra for Au/Al,O3 (c) and Au/CeO;
(d) catalysts. Taken from™

More recently, Cargnello’s group investigated the effect of size and support on the
Au-catalyzed PrOx reaction using size-controlled Au nanoparticles.”® Compared to Al.O3 and
ZnO, CeO»-supported Au shows better performance for CO oxidation in the temperature
range of 30-280 °C. For all the examined supports, Au particle sizes of 2-5 nm shows the
highest rates, whereas for larger sizes the rates drop. As shown in Figure 1-4, XPS study
revealed that Au/CeO; exhibits a highest ratio of Au*/Au® at smallest particle diameter,
indicating that Au® is the active sites for COPrOx on Au-supported catalysts. All the above
studies have well established that the activity of Au-supported catalysts is a strong function of

the size, shape, and morphology of Au active phase.
1.2.2  Non-noble metal-based COPrOx catalysts

Although noble metal catalysts have demonstrated excellent activity for selective oxidation
of CO, their high price and scarcity restricts their wider application. In addition, the
selectivity and resistance to water and carbon dioxide of noble metal-based catalysts for

COPrOXx reaction are limited at high temperature. In order to reduce the cost of the whole
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process, the research of an abundant, economic non-noble metal catalyst for COPrOx reaction
has gained considerable attention among researchers in industry and academia. Among
various transition metals, Cu and Co are the most promising and the mostly studied

non-noble metal-based catalysts.
1.2.2.1 Copper-based catalyst

Among all the non-noble metal-based catalysts, Cu-Ce is considered as a promising
alternative to noble metals for PrOx because of its superior activity, selectivity and resistance
to CO2 and H2O. It is worth noting that when used individually, both copper and cerium have
very limited activity for the COPrOx reaction. To date, three different types of Cu-Ce based
catalysts have shown the most promising performance for COPrOx. These are i) copper
supported on CeO (referred as Cu/CeOy), cerium supported on CuOx (referred as CeO2/CuQ)
and CuOx-CeOy composites (referred as Cu-Ce-O). Among these Cu-Ce systems, Cu/CeO>
catalysts for COPrOx have been those that are more extensively studied. In the early studies,
researchers have focused on optimizing the reactivity of Cu/CeO: via using various synthesis
strategies for the preparation of the catalysts. Cu/CeO> can be easily obtained by incipient
wetness impregnation method using copper nitrate aqueous solution as one of precursors and
CeO2 nanoparticles as a support.”t Cu/CeO; rod catalysts prepared by an ethanol thermal
method exhibited superior reactivity for COPrOx due to highly dispersed CuO species on
Ce0,, forming abundant oxygen vacancies and strong synergistic effect between CuO and
CeO2. More studies have focused on addressing the effects of preparation methods on
catalytic activity of Cu/CeO,. The comparison of Cu/CeO- performance obtained by different
methods and the effects of support and morphology have been well summarized in a recent
paper contributed by Jing et al.,*® therefore will not be discuss further in this thesis.

Recently, the identification of active sites of copper-ceria system for CO conversion via
using in situ and operando techniques is gaining ground among the researchers. Regarding
the active sites of Cu-Ce system, most reports indicate that Cu* or CuO are the active sites for
CO adsorption. For example, Luo and co-workers confirmed that the finely dispersed CuO
was the main active site, while the Cu?" in the CeO- lattice played the least role for CO
oxidation.” Similar conclusions were also proposed in other works. For example, Gamarra
and co-workers illustrated that CO oxidation occurs at the interfacial area between dispersed

copper oxides and cerium oxides, while H> oxidation proceeds only after the formation of
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Cu*.” In addition, Martinez-Arias et al. proposed that the strong electronic interaction
between the reduced ceria and small metallic copper particles led to the decreased CO
adsorption capability of copper.”* A strong synergistic effect between Cu-Ce and
surface-dispersed Cu* species rather than Cu® was confirmed to form the active species for
CO conversion by using fluorescence, XANES, and DRIFTS techniques.”’" More examples
of in situ study over Cu-based catalysts for CO oxidation are discussed in section 1.3.3 in the

perspective of operando near ambient pressure XPS studies.
1.2.2.2 Cobalt-based catalysts

Instead of copper based catalysts, cobalt-based catalysts are considered as another cheap
and readily available alternative to noble metals for COPrOx reaction. Moreover, cobalt
oxide has shown better activity and selectivity than that of copper for CO oxidation at least
up to 200 °C.17 In a study where CuO, NiO and Co304, were synthesized by using the same
method of polymerization-combustion, it was found that the activity for COPrOx reaction
follows the order: Coz04> NiO > CuO. The intrinsic activities at 100 °C are: 0.20 x 103s!
for the Co304 and 0.08 x 1073s* for NiO and CuO. Herein, pure cobalt oxide is 3 times more
active than pure CuO and NiO, demonstrating the promising property of cobalt for CO
oxidation in excess of Hz. In a comparative CO oxidation study of various metal oxides
(CoOx, CuO, MnO2, NiO, Cr203, Fe.03 and V20s) supported over CeOy, it was found that
Co00,/Ce0O, was superior to all the other catalysts.”® However, a later study of cobalt
supported on different metal oxides (ZrOz, CeO., SiO2, Al:0s, and TiOz) found that
ZrO-supported cobalt is most active for COPrOx as compared to other supports including
Ce0,®. In addition to pure metal oxides supports, cobalt oxide supported on a mixed
ceria—zirconia oxide has also shown very good activity for COPrOx.81:82 The outstanding
catalytic performance of cobalt for COPrOx reaction depends mainly on the redox behavior
of the catalyst and the cobalt oxide dispersion. The latter is affected by specific ceria-zirconia
support features, such as the atomic ratio of Ce/(Ce + Zr) and the cobalt oxide loading. The
addition of transition metal oxides MOx (M = Mn, Fe, Ni or Cr) to Co304/Ceog5Zr0.1502
could further improve the CO conversion as well as the resistance to CO, and H20. Notably,
the modification of Co304/Ceog5Zr0.1502 with MnOx with a ratio of Co/Mn = 8:1 remarkably
broadened the temperature window of 100% CO conversion. The analytic results presented
proposed that the existence of Mn*" and Mn®" was favorable to the reaction acting as
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stabilizers of the Co®* phase, which for the authors is the surface active sites.® We will see
later in this thesis that this assumption is not based on credible experimental facts and is

confronted by our in situ analysis of the catalytic surface.

Like in the case of copper-based COPrOx catalysts, ceria seems to be the support of choice
also for cobalt catalysts. The Co/CeO.-based system has gained considerable attention for CO
selective oxidation in H; feed gas. Co304-CeO> supported on modified activated carbon (AC)
exhibits excellent reactivity towards COPrOx reaction, which is critically depends on the
dispersion and reducibility of CosO4. The latter is affected by the Ce/Co loading (nceico) and
the pretreatment temperature of the activated carbon.® It is concluded that the addition of
cerium with an appropriate nceico can improve the catalytic performance of the supported
Co304 catalyst on AC, ascribed to the increase in the amount of reducible Co®*. Interestingly,
despite having extremely low surface area (7 m?/g) and low Co-dispersion (< 0.1%), the
CoOx (10 wt.%)/CeO; catalyst has shown promising PrOx reactivity. The COPrOx activity of
CoOx supported on CeO> has been further improved by increasing the surface area of CeOo,

resulting in higher Co-dispersion on the catalyst’s surface.84%

A recent study of preferential oxidation of CO over cobalt-based catalysts has also shown
that promotion of CosO4 with 10 wt.% CeO- increases the reduction temperature of Coz04
phase in CO and H. and enhances the PrOx activity.> An operando XANES and NAP-XPS
study indicated that CosO4 can be reduced to metallic Co above 300 °C under COPrOx
reaction conditions, leading to the formation of methane. As shown in Figure 1-5, the Co 2p
NAP-XPS spectra of Ce0,-Co304 catalyst during COPrOx demonstrated that the Co®* phase
is stable from room temperature up to 300 °C, while XANES shows that C030O4 is reduced to
metallic Co phase above 250 °C. The gas evolution recorded by mass spectrometer during
two experiments (XANES and NAP-XPS) show different products distribution (Figure 1-5(a)
and (b)) due to the different oxidation state of cobalt. Overall, it is agreed that addition of

Ce0; to Co304 promoted the PrOx activity despite that CeO- is much less active than Co3z0a.

16



(a) RT : 100 °C E 150 °C E 200 °C (b)
5 E 5
© <
. i  co| §
3 ' ! 0, 2
o (8
- / , c
o ' ‘ ' K}
; ' CO,
§{=fr—ﬂlu—-l CH,
E r— - I - T E— T i L M M N
100 200 300 400 100 200 300 400
Time / min Time / min
5 XANES: Co K I co.0, Il coO Co
S| (e) (d)
Sl A 7
2 [ SR
2
o
(%
. ——PROXRT
s | ——PROX 250 °C
g —— PROX 300 °C
- —— PROX 350 °C
g 0.0 ,  lesdess Co.foi]
7700 7725 7750
= Photon energy / eV 150°C  200°C 250°C 300°C 350°C
(e) _XPS: Co 2p — (f)

[PROX 200 °C 301% Co%* in Co;0,

PROX 150 °C /i

PROX 100 °C /!

PROX RT_ /\\

810 800 790 780
B.E./ eV

Intensity/ a.u.

300 °C

Figure 1-5. MS data of PrOx on CeO,-C03:04 recorded during (a) operando NAP-XPS; (b)
operando XAS at the Co K edge. (c) XANES spectra at the Co K edge of CeO,-Co030,4 under
PrOx conditions (1 vol.% CO, 1 vol.% O, 50% H; in He, total flow 50 mL min™?) and (d)
amount of reduced versus oxidized cobalt calculated by linear combination of reference spectra.
(e) Operando NAP-XPS during PrOx over CeO2-C0304 (1.5 ml/min Oz + 1.5 ml/min CO + 17
ml/min Ha, 0.5 mbar): Co 2p region (hv = 1015 eV); (f) amount of oxidized cobalt calculated
from linear peak fitting procedure. Taken from .

As discussed above the performance of catalytic nanoparticles strongly depends on their
size, the morphology and their shape. Regarding the effect of morphology, Khasu and
co-authors® have recently probed the relationship between CosOs4 morphology and its

COPrOx reactivity. In contrast to sheets and belts shape cobalt particle, the C0304/SiO2

model catalyst composed by cobalt nanotubes shows superior activity towards CO oxidation
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in excess of Ha. The excellent activity of nanotubes was attributed to the formation of Co®"/?*
pair on (100) planes of Co304. A similar conclusion has been reached by Gabriela et al, in a
study of the impact of the spinel active phase faceting on Co304/Al.03 for COPrOx.2¢ The
(100) termination has been found to be the most active surface plane of Co304 among all the
other low-index (111) and (110) planes. The yield of CO> was linearly correlated to the
abundance of Co®*" cations on exposed planes, with the (100) planes containing the most

abundant Co®* cations on the surface.

Before the morphology effect was investigated, the effect of size of Co304 nanoparticles
has already been substantiated by Nyathi et al.®” using model catalysts consisting of Co3Oa4
crystallites with different size and a narrow size distribution supported on y-Al2Os. The best
mass-specific CO conversion was obtained over Co3O4 with the smallest crystallite size. The
reduction behavior of the different CozO4 crystallites as a function of temperature under
COPrOx indicates that catalysts with larger crystallites showed higher degrees of Co0304
reduction. The fast reduction of larger CosO4 crystallite is unfavorable for CO oxidation, as
less CO2 was formed, and instead, CH4 was produced due to the presence of the metallic Co.
The formation of CHs caused by metallic cobalt is consistent with the conclusion in the
COPrOXx study over Cos0s-CeO- catalysts.®

Recently, the impact of the nanoparticle—support interactions (NPSI) in C0304/Al.03
catalysts for the PrOx of CO has been directly elucidated via using in situ XANES and quasi
in situ XPS.® In this study, it is reported that the strength of NPSI leads to different reactivity
and stability of Coz04 for COPrOx. Catalyst with weak NPSI between unreduced Coz04 and
support shows a higher CO conversion and CO yield at low temperature (50 °C -225 °C).
Above 250 °C though the reduction from Co0304 to metallic Co is facilitated with negative
effects to the selectivity. The catalyst with strong NPSI does not favor CosO4 reduction at
elevated reaction temperatures and consequently the unwanted formation of CHa. The
differences in the redox behavior are typically ascribed to the differences of NPSI between

the various crystallites of Co3O4 and the Al,O3 support.

1.3 Catalytic reactions on non-noble, late transition metal

catalysts studied by in situ near-ambient pressure XPS

Transition metals can have multiple oxidation states, depending on the surrounding
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environment (gas atmosphere, pressure and temperature) and the ionic species they are
bonded to. Understanding the relationship between catalytic surfaces and their performance is
crucial for the design of new transition metal catalysts and the optimization of those already
in use. X-ray photoelectron spectroscopy (XPS) is one of the most powerful spectroscopic
tools to obtain chemical information of solid surfaces. However, conventional XPS
instruments operate under ultra-high vacuum conditions (<10°® mbar) limiting the
characterization of catalysts, before and after reaction. The last 15 years, a new type of XPS
apparatus has emerged, allowing in situ measurements of catalysts in gaseous environments
in the mbar pressure range. These “environmental XPS” systems, commonly referred to as
near ambient pressure XPS (NAP-XPS), have opened up new opportunities to study dynamic
modifications at surfaces and correlate them with the catalytic performance. In this thesis the
NAP-XPS technique plays a central role in the establishment of the relation between cobalt
surface oxidation state and its COPrOx catalytic performance. Therefore, it is of great interest
to review the previous NAP-XPS studies of non-noble, late transition metal catalysts (Fe, Co,
Ni and Cu) in reactive gas or vapor phase environments. Such a review is missing in the
literature and it is useful to include it here, since cobalt is the core catalyst of this thesis. The
aim is to describe the rich chemistry of transition metal surfaces (including also cobalt) under
conditions resembling the catalytic reaction in the prism of NAP-XPS technique. This review
can give the greatest context in the study described in this thesis. A short introduction in the
NAP-XPS technique can be found in Chapter 2.

1.3.1 Catalytic hydrogeneration

Direct hydrogenation of CO and CO: into valuable chemicals has attracted considerable
efforts as fossil fuels continue to dominate the energy sector.®® Inspired by demands for
low-cost catalysts, several investigations of transition metals for the hydrogenation of C1
molecules into liquid fuels exist. Among the various transition metals examined so far, Co,
Cu and Ni based catalysts have been found to be extremely active for CO, and CO
hydrogenation reactions and here it is provide an outlook of the recent information obtained
by NAP-XPS.

1.3.1.1 COg2 dissociation and hydrogenation on Cu surfaces

Cu-based catalysts, typically supported on ZnO carriers, are widely utilized for reverse
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water—gas shift reaction (RWGS) and methanol synthesis from CO hydrogenation.*®-%2 The
groups of M. Salmeron and G.A. Somorjai used Cu single crystals as model catalysts to
understand the effect of surface termination on the adsorption and dissociation of COa. In
particular, synchrotron-based NAP-XPS, combined with high pressure scanning tunnelling
microscopy (STM), were employed to investigate CO; interaction with Cu(100) and Cu(111)
surfaces at room temperature and pressure up to 10 Torr for NAP-XPS and 20 Torr for
STM.® The photoemission spectra shown in Figure 1-6a and b illustrate the coexistence of
several O 1s and C 1s peaks induced by various adsorbed species on copper surfaces. Notably,
the spectral shape is adjusted according to the CO> pressure, while there is also an effect of
the surface termination (i.e. (111) vs. (100)) on the measured binding energies of the adsorbed
species. The O 1s peak related to surface atomic oxygen (AO) on Cu appears around
529.7+0.1 eV, while the peak at 531.4 eV is induced by adsorbed CO2® species. Interestingly,
later studies correlated the O 1s peak BE of adsorbed AO with its coverage on the Cu (100)
surface.®® In the C 1s region two adsorbed carbon species were found: hydrocarbon species
located at 284.4 eV and CO,> species at 288.1 eV. The contribution of CO; in the gas phase
above the sample is visible at higher binding energies in both O 1s and C 1s spectra (around
536 and 293 eV, respectively). Due to the relatively high coverage of AO followed by a
relatively low signal of the CO,> species on the Cu (100) as compared to the (111) surface, it
was concluded that open Cu surface planes, such as Cu (100), can dissociate CO2> more
efficiently than the close-packed ones (i.e.Cu(111)). The relevant STM images showed a
significant reconstruction of Cu (100) surface in the presence of 20 Torr CO2 and the
production of a high density of kink and step sites. Taking into account that industrial CO>
hydrogenation takes place at significant higher pressures than the spectroscopic studies, the
above mentioned NAP-XPS results should be used to understand the general trends of copper
reactivity, but cannot be directly extrapolated to describe the function of the technical CO>

hydrogenation catalysts.
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Figure 1-6. O 1s and (b) C 1s regions of the NAP-XPS spectra in the presence of CO; at RT on
the Cu(111) surface (lower two panels) and on the Cu(100) surface (upper four panels): (i, iii)
0.05 Torr COg; (ii, iv) 0.3 Torr COy; (v) 1 Torr CO2; (vi) 0.3 Torr CO; after the sample was kept
for 5 min in 10 Torr CO,. From®

These results were confirmed in a more recent study of CO; dissociation over Cu(100),%
where the evolution of the oxygen layer induced by CO: dissociation was investigated in
detail. With the aid of DFT calculations it was proposed that CO> dissociation take place
preferentially over step sites on Cu surface (i.e. Cu atoms with lower coordination number).*®
This conclusion can be connected with an earlier work of CO: interaction with a welled
defined vicinal Cu (997) substate.®® Upon exposure to CO2 at 67 °C carbonate species (COs%)
were formed on copper through the reaction of CO, with oxygen derived from CO:
dissociation. After saturation of adsorbed CO3?, the spectroscopic signature of AO appeared,
indicating that CO- dissociation to CO and O continue to take place even after saturation.%
Dissociation of CO, into CO+0O, was also noticed on Cu(111) after prolonged exposure to
COz. This process can build up a layer of AO which passivates the Cu(111) surface and

hinders further CO; activation.®” On the contrary, fine control of the adsorbed oxygen species
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in CO2+H> mixture (e.g. by tuning the CO> and H> partial pressures) can have a beneficial
impact by preventing the formation of graphitic carbon and sustain Cu catalytic activity.®’
Similar oxygen species were also reported during CO: interaction with polycrystalline copper
surfaces, while when O is co-fed with CO., metallic Cu is oxidized to Cu.O followed by a
net increase of CO species. Besides gas phase oxygen, bulk-dissolved oxygen in copper can
participate to the reaction by diffusion on the surface at critical temperatures (around 580 °C)

and formation of chemisorbed oxygen.%

Apart from surface and bulk-dissolved oxygen, a third type of oxygen species may
influence the reactivity of copper catalysts. This species are related to subsurface copper
oxides (or oxygen inserted between the outermost copper layers) identified already in an
early NAP-XPS work of methanol oxidation over polycrystalline Cu catalysts.’®® The
important role of subsurface oxygen also for CO> activation on copper was highlighted by
Favaro et al.,*** who showed that CO; dissociation on Cu (111) is controlled by the formation
of a subsurface oxide. This type of “suboxide” was defined as oxygen atoms inserted between
the top two atomic layers of the Cu (111) crystal. Its presence is essential for converting
chemisorbed CO; to a more active state designated by the authors as “bent (chemisorbed)
COy”. In the presence of adsorbed water, “bent CO2” on copper is transformed to formate and
CO species which is the first step towards CO- reduction.'®* However, the NAP-XPS study
performed by Rodriguez’s group on Cu/CeQO> nano-catalysts proposed that the active state of
copper during CO; reduction by Hz or H20 is not CuOx, but metallic Cu®, while species
formed on the ceria support participate to the reaction.' This scenario seems to be in line

with ex situ studies applying XPS analysis on post mortem CuCe composite catalysts. %3

The Cu/ZnO system under CO2 gas environment was studied using inverse catalysts,
consisting of ZnO particles supported on a polycrystalline Cu foil. It was proposed that the
addition of Zn on Cu promotes complete conversion of CO2% to carbonates resulting in
consequent improvement of the CO, conversion.!® In 0.1 torr of CO; the coexistence of
CO2®* and carbonates was observed by NAP-XPS only on clean metallic Cu surface, but not
on Cuz0. As soon as very small amounts of Zn were deposited on Cu the adsorbed CO2*
species were converted to carbonates (COs?). When the model catalyst is exposed to a 1:1
mixture of CO2: H20, new adsorbed species are formed, with H2O providing the hydrogen

needed for the formation of hydrogenated species.
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The same interface was later investigated by Rodriguez and co-workers'® using copper
single crystals instead of a polycrystalline foil. The NAP-XPS results over inverse
Zn0-Cu(111) and ZnO-Cu(100) model catalysts showed that the copper substrate influences
CO2 hydrogenation, with ZnO-Cu(100) to be the preferred configuration for the high catalytic
activity.1® In particular, they proposed that formate species is an important intermediate of
the reaction and their formation necessitates the presence of surface ZnO in a configuration
similar to ZnO-CuO/Cu(111). According to the authors this indicates that the strong
interaction between ZnO and Cu is essential for the activity. However, although the presence
of formate species on copper catalysts exposed to CO> has been verified in several studies,
there is no consistency if these species are spectators or reaction intermediates for methanol
synthesis. For example, Yang et al. proposed that formate species on Cu are just spectator
species, while methanol production goes through carboxyl intermediates, on the basis of
FTIR experiments.’®® A recent report of H. Bluhm and co-workers highlighted possible
complications in identification and quantification of adsorbed carbon species due to
adventitious carbon readily adsorbed on copper surfaces even if precautions are taken during

surface preparation.'’

Copper is also a promising electrocatalyst for solid oxide electrochemical cells (SOEC),
which motivated Bozzini et al. to build a model SOEC and use it to study carbon deposition
on copper cathodes under CO, and CO,/H.0 electrolysis at 600 °C.1% Interestingly, the
NAP-XPS and Near Edge X-Ray Absorption Fine Structure (NEXAFS) results show an
analogous behaviour with the observations discussed above for copper heterogeneous
catalysts. In particular, at intermediate potentials (2 V) electrochemical dissociation of CO;
produces CO and AO on copper. AO reacts with pre-adsorbed carbon to form CO and when
all carbon is removed oxidizes copper yielding Cu.O. When the potential increases to 4 V
then CO dissociation to C+O becomes feasible and carbon accumulation at the surface occurs.
In CO2/H20 coelectrolysis conditions, surface deposit of C has a constant rate which does not
depend on the applied potential.® Table 1 summarizes the binding energies of O 1s and C 1s
photoelectron peaks for different types of adsorbed species formed on Cu and Cu/oxide

surfaces under CO-containing gas environments.
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Table 1-1 The binding energies of surface oxygen and carbon species formed on various
Cu-based catalytic surfaces under CO; containing environments.

Gas C 1s and O 1s Binding Energies (eV)
Sample Ref.

CO; CO2* HCOO | CO3* OH- -OCHs
Cu(111) CO; 288.4 - - - - 9
Cu(111) | CO. HO| 288.4 287.3 289.4 286.3 | - to1
Cux=150 CO2, H.O| 2884 287.3 289.4 286.3 - lo1
Cu (foil) CO; 288.4 - 289.3 530.8 - 1od
Zn/Cu CO2 - - 289.3 530.8 1od
Cu (foil) CO2, H.O| 2884 287.3 289.3 530.8 285.2 1od
Zn/Cu CO2, H20| - 287.3 289.3 530.8 285.2 1oa
Cu20 CO2 - - 531.9 531.1 - 1oa
CuOyx/Cu | CO2, H: 288.4 - - - - 105
ZnO/CuO| COo, H> 288.4 289.2 - - - 105
Cu (100) | CO2 531.1 - - - - o4
CeOx/Cu | CO2, H: 288.4 289.2 - - - 109
Ce02/Cu | CO2, H: 289.3 289.9 - 531.5 - 110

1.3.1.2 COgq dissociation and hydrogenation on Ni, Co and Fe surfaces

Besides copper catalysts, nickel and cobalt are also very promising for CO transformation

under UHV.** On the contrary, density functional theory (DFT) calculations predicted that on

pressure and temperature conditions.!? M. Salmeron’s group used NAP-XPS to investigate

atmospheres.!® First of all the authors showed that the so called pressure gap plays an
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reactions, which motivated several NAP-XPS studies of CO, interaction with Ni and Co

surfaces. CO2 chemisorbs strongly and dissociates to CO and AO on the Ni(110) surface even

Ni (111) surfaces the adsorption of CO> is not energetically favoured, especially under low

the evolution of Ni (111) surface composition in the presence of CO, and COz+H:

important role in the adsorption/dissociation and methanation of CO2 on Ni(111). In

particular, CO- is activated over Ni (111) at mbar pressure but not under UHV conditions. As

it is evident by the O 1s spectra shown in Figure 1-7a, at 200 mTorr CO; dissociates to CO




and AO forming COs%™ and NiO (characteristic O 1s components around 531.2 and 529.3 eV
respectively). In CO2 + Hz mixtures (Figure 1-7b) NiO is reduced back to metallic Ni° (at
160 °C) followed by elimination of the CO3*>~ adsorbed species. A weak O 1s peak at 531.1
eV (Figure 1-7c) was attributed to OH and CO adsorbents and was used as an evidence to
suggest that the RWGS is taking place under these conditions. Furthermore, the presence of
atomic carbon at 283.3 eV (Figure 1-7d) indicates that the methanation reaction mechanism
on the Ni(111) surface involves the reduction of CO to atomic carbon, which in a subsequent
step is hydrogenated to methane. More recently, a NAP-XPS study of zeolite supported Ni
catalysts reported that the coexistence of Ni and NiO on the surface facilitates the adsorption
and conversion of CO,.'* These findings need to be interpreted with caution though, since
the quality of the Ni 2ps; spectra and the deconvolution procedure applied in this work!4

leave also space for other interpretations.
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Figure 1-7. NAP-XPS spectra recorded on a Ni(111) model catalyst (a) O1s in 200 mTorr COz in
the temperature range from RT to 200 °C; (b) O1s spectra in 200 mTorr CO; and 200 mTorr H;
in the temperature range from RT to 300 °C. (c) O 1s and C 1s spectra in 20 mTorr CO;, + 200
mTorr H; and in 100 mTorr CO; + 200 mTorr H,. From ref.1t3

Detailed experimental studies focusing on the mechanism of CO. dissociation on
well-defined cobalt surfaces are less frequent as compared to copper and nickel. Co/MnO;
catalysts exhibited high activity and selectivity to methanol at low-pressure conditions.*®
Very recently, Liu et al. reported on the CO> activation over Co polycrystalline foils in the
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presence of H2O using NAP-XPS.1® They found that the Co surface was partially oxidized,
predominantly by the carbonates left by the CO. dissociative adsorption. Upon the
co-adsorption of CO, with H.O methoxy, formate and bulk carbonate species were formed,
with a surprisingly high methoxy/formate coverage ratio, in line with the observation of
similar studies on Cu.%* This work gives hints that cobalt and copper might interact with
CO2:H20 mixtures in a very similar way and can be used for future development of highly

selective Co-based catalysts for CO. reduction.

Besides heterogeneous catalysis, the NAP-XPS approach was applied to the investigation
of photocatalytic and electrocatalytic CO> conversion on Co and Fe. The photocatalytic
hydrogenation of CO. was examined over cobalt/carbon composite catalysts promoted with
Na and revealed the effect of light irradiation on the surface intermediate species during CO>
hydrogenation reaction.!t” The electrochemical CO. reduction reaction over iron
oxyhydroxide nanostructures (i.e. FeOOH) supported on O- and N-doped graphite has been
studied by applying a combined experimental and theoretical approach.'*® NAP-XPS showed
that a chemical interaction occurs between Fe sites and the pyridine N species on the carbon
surface, which leads to the formation of Fe(ll) species. The latter are important for the CO-

reduction since their formation dictates the potential of the electrochemical reaction.
1.3.1.3 Interaction of Co, Fe and Cu with CO/H2 atmospheres

Cobalt and iron oxides catalysts are used in commercial Fischer—Tropsch (FT) reactors to
convert H, + CO mixtures into liquid hydrocarbons.!!®20 The advances of using Co-based
catalysts for FT reaction has been extensively reviewed in the past.!2t12* However, most
commonly ex situ characterization was used to reveal the chemical and structural features of
the catalysts. Following the development of NAP-XPS, a growing number of in situ studies
appeared focusing on the description of the catalysts’ chemical state and the nature of
adsorbed species. Certainly one should be extremely cautious when evaluate the results of
NAP-XPS studies of FT reaction due to the significant pressure gap between the
spectroscopic studies, performed in few mbar, and the realistic FT reaction conditions,
extending to several tens of atmospheres. Although it is rather unlikely to observe any
meaningful catalytic turnover of the FT reaction in a NAP-XPS cell, the results can serve as a

basis to understand the modification of catalytic surfaces in contact with the FT reactants.
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Salmeron’s group used NAP-XPS to investigate the evolution of the chemical state of a
cobalt foil in equilibrium with pure CO, H, and their mixture,*?* with the aim to understand
better their influence on the cobalt surface state. It was found that at low temperature the
surface of cobalt is oxidized even in a reducing mixture of 100 mTorr CO + Ha, but
eventually it is rapidly reduced back to metallic Co® at higher temperatures. The partial
pressure of Hy in the mixture affects the reduction temperature. Formation of cobalt carbides
was detected when cobalt surfaces were annealed at high temperatures and are correlated to

the reduction of cobalt oxides from CO.

Monodispersed 10 nm Co particles on TiO2 and SiO. supports were examined in CO/H>
and CO/H, mixtures.!?®® The authors noticed that in both reactions, the Co/TiO; catalyst
performs better when Co is partially oxidized as compared to the fully reduced cobalt state.
On the contrary, the Co/SiO> catalyst has higher activity when cobalt is metallic. NAP-XPS
helped to reveal partial encapsulation of metallic Co by TiO.x which eventually is related

with the poor performance of this sample.*?

Similar studies were also performed over nanosized and bulk iron oxide catalysts under
CO+H: reaction mixture and temperatures up to 350 °C.!% By combining NAP-XPS and
DFT calculations the authors explained the relation between the formation of surface,
subsurface, and carbide carbon species. Nanosized iron oxide catalysts change their surface
state more readily as compared to their bulk equivalent, with the latter being more susceptible
to oxidation and carbon deposition.*?® Very recently Niemantsverdriet and co-workers studied
in detail carbon deposition on iron using Fe particles on planar supports (Si or SiO2) in 1
mbar CO.12" CO adsorbs stronger on Fe/Si as compared to Fe/SiO2, which leads to lower
onset temperature for carbidization. The authors found that carbidization is hampered by
oxygen remained on Fe after CO dissociation. The abundance of the oxygen species on Fe is
controlled by the type of the support. In particular, oxygen readily spill over from Fe to Si but

not to SiO, support and as a consequence in the latter case Fe carbidization is hindered.?

NAP-XPS was used to investigate the surface composition of industrial Cu/ZnO/Al2O3
catalysts during methanol synthesis from synthesis gas mixtures (H2/CO./CO). During
activation the Cu to Zn NAP-XPS intensity ratio drops significantly, signifying spillover of
ZnOx on the Cu surface. With the aid of other analytical methods and DFT calculations the

authors concluded that the active sites of the reaction consists of Cu steps decorated with Zn
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atoms, which are stabilized with the aid of bulk defects.'?®
1.3.2 Catalytic oxidation reactions

Transition metal oxides have been widely used for catalytic oxidation reactions due to their
ability to readily interchange among their various oxidation states under oxygen-containing
atmospheres. In this section we considered oxidation reactions in the formal way i.e. increase
in the formal oxidation number of the carbon atoms. Accordingly, reactions such as water-gas

shift are also included in the discussion.
1.3.2.1 CO oxidation, preferential oxidation, and water gas shift

CO oxidation is maybe the most well-investigated catalytic reaction in surface chemistry,
due to its presumed simplicity and of course in view of its great commercial interest.'?%130
Catalysts containing noble metals, such as Pt, Au and Pd, have shown excellent performance
for CO oxidation and they are also selective for CO oxidation in the presence of H>
(preferential oxidation).*3! However, non-precious metal catalysts like copper and cobalt
have been proposed as inexpensive alternatives of noble metals.'® In this section, recent
NAP-XPS studies of transition metal-based catalysts for CO oxidation and preferential CO
oxidation in H are discussed.

Copper-based catalysts

The nature of the most active catalytic surface state of transition metal-based catalysts is
very often a matter of debate in the relevant literature and NAP-XPS might be useful to
provide conclusive elements. The active surface state of cobalt and copper during CO
oxidation has been explored by NAP-XPS in combination with other techniques. Svintsitskiy
et al. studied CO oxidation over oxygen deficient CuO NPs (NPs).'® This study was
performed in one of the first laboratory NAP-XPS apparatuses, therefore the reaction
pressure during the in situ experiments was limited to 10° mbar. Nevertheless, based on Cu
LMM and Cu 2p spectral analysis the authors’ detected surface reduction of Cu?* to Cu*,
suggesting that CuO is transformed to CusO3 under certain reaction conditions. They defined
also O as the most active oxygen species on the surface of copper suboxides during the

reaction.
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Figure 1-8 The O 1s (a) and C 1s (b) NAP-XPS spectra from a Cu (111) sample at 298 K in UHV

and under various CO: O, reaction mixtures. The evolution of (c) the Cu,O coverage and (d) the

adsorbed CO,* species as a function of O,/CO pressure ratio at different reaction temperatures
obtained by analysis of NAP-XPS spectra. Reproduced from**,

Later, Eren’s et al. compared the reactivity of CO with oxygen chemisorbed on three
different low-index surface planes of copper single crystals.’** In order to determine the
reaction rates, the O 1s NAP-XPS peak intensity was measured as a function of time,
pressure, and temperature. Eventually, it was found that Cu (111) is the most active surface
plane for CO reaction followed by Cu (100), while Cu (110) is the less active crystallographic
plane. Although STM image analysis indicated reconstruction of Cu surfaces during reaction,
no indications of copper surface oxidation were given in this work. In a subsequent report by
the same group,'® the CO oxidation was examined in detail over the most active Cu
crystallographic plane, i.e. the Cu(111) surface. In this study NEXAFS was used to
distinguish the oxidation state of copper catalyst, since Cu,O and Cu have practically the

same Cu 2p NAP-XPS spectra.”®® It was shown that the copper surface oxidation state
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depends on the CO:O> partial pressure ratio. In particular, below 3:1 of CO:O, the surface
contains chemisorbed O over a 1 nm thick Cu20O layer. In O, mixtures the thickness of the
copper oxide layer increases (>4 nm), however the oxidation state of copper remains as Cu.O.
Interestingly, further oxidation of Cu20 to CuO was not observed to any stage of the reaction.
As shown in Figure 1-8a and b, adsorbed CO,> was the main reaction intermediate observed
during CO oxidation. In addition, the authors noticed that the coverage of COZ2% is
proportional to the amount of Cu20, which accordingly suggests that the Cu,O phase is more
active than metallic Cu for CO oxidation. The CO,> species seems to play a key role also for
the water-gas shift (WGS) reaction over CeOx/Cu(111) inverse catalyst.*® In this case the
precursor for CO,>species formation is a carboxy (HCOO) intermediate on the metal-oxide

interface. 136

The important role of CuO for CO oxidation was indicated also in reference'®’ by
investigating titanium-copper mixed oxide films. The incorporation of titanium cations into
Cu20 leads to the formation of a stable mixed-metal oxide with the Cu™ terminated surface
being highly active for CO oxidation. The presence of titanium prevents the facile oxidation
and reduction of the Cu.O films under the reaction conditions, thereby enhancing the
robustness of the catalyst. Recently, Shao-Horn’s group investigated CO oxidation over
copper-substituted ceria NPs.'® Based on the analysis of NAP-XPS and in situ infrared
spectroscopy, it was suggested that COz> is formed on these surfaces in the absence of O
and can be desorbed only in oxygen-rich conditions. Moreover, there is a dramatic and
reversible reduction of copper cations in the NPs lattice under reaction conditions.3®

Cobalt and iron-based catalysts

Apart from copper, cobalt is another promising catalyst for CO oxidation at low
temperature or in the presence of H, (preferential CO oxidation reaction).> It has been
reported that CosO4 (110) surfaces can convert CO into CO; at temperature as low as -77°C.%*
However, the active state of cobalt for CO oxidation is controversial and several NAP-XPS
studies attempted to resolve this issue. For example, in the study of CO preferential oxidation
using CosOs nanopowder, the NAP-XPS results indicated that in hydrogen-rich reaction
mixtures cobalt is maintained as Co304 from room temperature up to 300 °C, implying that
Co304 is the active surface species.® However, an earlier NAP-XPS report from Tao’s group,®

recommended the nonstoichiometric Co3Os4 as the active catalytic state during CO
30



preferential oxidation. In addition, in a third NAP-XPS work examining CO oxidation over
PtCo catalysts, it was suggested that the CoO/Pt interface formed in situ during the CO
oxidation reaction is the active state.® Besides, more recent evidences provided again by Tao
and co-workers found that above 140 °C the CoO surface is oxidized into Co3O4 during CO

oxidation reaction and this is followed by an increase in the reactivity.'%

G. Rupprechter’s group in collaboration with researchers from the Fritz-Haber institute in
Berlin, used several in situ methods to monitor CO oxidation over CosOa surfaces.’*® The
Mars-van-Krevelen mechanism was found to be the reaction pathway under steady state and
dynamic conditions above 100 °C. The mechanism involves the Co**/Co?* redox couple and
oxygen vacancy formation, but under steady state conditions the CosO4 surface appeared
completely oxidized and CoO was not detected. Carbonate formation was noticed in the
course of the reaction, but these species were considered mostly as spectators rather than
active intermediates.’® On the contrary in an earlier NAP-XPS work it was suggested that
above 100 °C carbonates are not inhibitors but intermediates of CO oxidation on Co304.14
In the same study it was shown that CO oxidation depends not only on Co®* concentration but
it is also influenced by the Co%*/Co?* ratio measured on the catalyst surface.!*! Overall, the
review of the above studies suggests that there are no conclusive and converging literature
arguments regarding the most active state of cobalt for CO oxidation or preferential oxidation

in the presence of Ho.

The high temperature WGS reaction (CO+H.0->CO2+H2) was investigated on Cr and
Cu-promoted bulk o-Fe2Os (hematite) catalysts using several in situ methods including
NAP-XPS, by Wachs and co-workers.}#>143 In Cr-promoted Fe,Os catalysts, surface analysis
under working WGS reaction conditions revealed that the a-Fe2Os phase becomes partially
reduced to FesOs (magnetite). In parallel the Cr®* promoter is reduced to Cr®* and dissolves
into the bulk of iron oxide forming a solid solution. Similarly, in Cu-promoter Fe;O3, Cu?*
cations are reduced to metallic Cu during WGS reaction. However contrary to chromium,
during the WGS reaction copper is still present at the surface as nanosized-particles over iron
oxide. The authors concluded that iron oxide is the catalytic active sites for WGS/RWGS and
Cr mainly acts as a structural stabilizer in the bulk of iron oxide, while Cu is a chemical

promoter by providing new catalytic active sites at the surface.!4#143
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1.3.2.2 Catalytic oxidation of methane and ethylene

Transition metals catalysts are used in other important oxidation reactions, such as
oxidation of methane and ethylene. The investigation of these reactions using NAP-XPS
provides important atomic-level information and assists to the comprehension of the reaction
mechanisms. NAP-XPS studies of methane oxidation (CH4+02>CO2+H;0) have been
performed over NiFe20s,'* Ni-ZrO2** and Co/Ce0,*¢ catalysts. In case of the NiFe2Os
catalyst Ni and Fe were found in mixed Ni?*/Ni** and Fe?*/Fe®* oxidation states. These states
were stable in the CH4:0 (1:5) reaction mixture at temperatures varying from 25 to 400 °C.
The evolution of C 1s photoemission features and the calculated C/(Ni+Fe) atomic ratios

suggested that formate-like intermediates are transformed to CO2 and H2O products.!#*

In another work the reactivity of Ni and NiCu alloy catalysts supported on ZrO, for
methane decomposition was examined at temperatures up to 450 °C.*> The formation of
reduced Ni species on the surface due to the interaction with CHa, promotes the catalytic
activity. The addition of Cu lowers the amount of coke and improves the desired resistance of
Ni against carbon deposition. However, the stability of NiCu alloy catalysts is limited in a
narrow temperature window (up to 430 °C). This was ascribed to carbon-induced surface
segregation of Ni over Cu, which boosts the methane decomposition reaction path and
consequently carbon deposition.4

In the case of Co304/CeO, composite catalyst, the active surface phase during methane
oxidation is a mixture of CosO4 and CeO,, while a CHzs-like intermediate specie was
detected.'*® Interestingly, when the same Co304/CeO, composite catalyst was tested in
methane reforming reaction (CH4s+CO2 —> 2CO+3H>) a clear transition of Co304 to metallic
Co and Ce** to Ce** was found above 400 °C.1" This difference in the oxidation state of the
C0304/CeO, composite in the two reaction environments is a clear consequence of O2
replacement by CHa, which transforms the reaction mixture from oxidizing (CHs+O2) to

reducing (CH4+CO3) environment for the cobalt catalyst.

Ethylene epoxidation (7C2H4+602 — 6C2H40+2C0O2+2H>0) over Ag, Cu and bimetallic
AgCu catalysts has been studied by Schldgl’s group using NAP-XPS for more than a decade
now.}481% As mentioned above, Cu,O and metallic Cu® have almost identical Cu 2p

photoemission spectra,’3>%° therefore in most cases the Cu LVV Auger peak or the Cu
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L32-edge NEXAFS spectrum was alternatively used to distinguish between these two copper
oxidation states. In situ photoemission spectroscopy showed that the oxidation selectivity of
ethylene to ethylene epoxide over unsupported copper oxide powders is boosted when the
catalyst surface is in the Cu,O-CuO transition phase.’® DFT results explained that the
increase in the ethylene epoxide selectivity is caused by the formation of metastable O
precursors created during the Cu,O-CuO phase transition.’®® The in situ Cu-Ls edge
NEXAFS spectra measured under a mixture of C2H4:02 (1:1) and the corresponding catalytic
activity measured on line is shown in Fig.5a. Analysis of these curves revealed that as the
reaction temperature increases a CuO to Cu.O phase transition takes place at about 200 °C.
On line gas phase analysis showed that at this particular temperature the selectivity to
ethylene epoxide was optimized (Figure 1-9b). On the contrary, when the surface state was
stabilized to Cu2O or fully oxidized CuO states, the reaction is less selective to ethylene
epoxide. In a more recent study of the same group over AgCu alloy catalysts it was proposed
that several forms of oxidic Cu coexist simultanecously on the active catalyst’s surface,
namely CuO, Cu2O and some previously unreported form of oxidized Cu, referred as

CUxOy.152
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Figure 1-9. (a) In situ Cu Ls-edge spectra measured while heating Cu,O in 0.3 mbar of O2:C;H..
(b) Ethylene epoxide selectivity measured using gas chromatography during the temperature
ramp, with the corresponding proportions of Cu,O and CuO on the surface, as determined from
the spectra in (a). Reproduced from?!s?
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1.3.3 Conversion and reforming of alcohols

Conversion of alcohols to other demanding chemicals has been the subject of a large
numbers of studies focusing to understand the chemistry of the catalysts.'®® Several alcohols
including, methanol, ethanol, 1-propanol, and 2-propanol, react with transition metal surfaces
forming alkoxy hydroxyl species.® The active oxidation state of certain transition metals

was investigated using model catalysts via NAP-XPS.
1.3.3.1 Partial oxidation and steam reforming of alcohols

Catalytic oxidation of methanol over transition metal catalysts is used to convert methanol
to more valuable chemical compounds. Actually there are two main reaction paths of
methanol oxidation: total (CH3OH+3/20, - CO2+2H20) and partial (CH3OH+1/20, -
CH20+H>0) oxidation, with the latter being of particular importance since it is directly
applied in industry for formaldehyde production.*®® Previous NAP-XPS studies of methanol
oxidation have been mainly focused on the effect of the catalyst’s surface on the dissociation
of methanol. Cu-based catalysts are very active in methanol oxidation and therefore Cu was
one of the first elements studied by NAP-XPS for this reaction. A key factor of the reactivity

is the nature of the oxygen species on copper.

In 2003, Bukhtiyarov’s group used a laboratory-based NAP-XPS to study methanol
oxidation on a polycrystalline copper foil. It was proposed that when the Cu surface is
covered with methoxy species it becomes inactive for formaldehyde production, while the
catalyst turns again active when a copper sub-oxide is formed, detected at 531.2 eV in the O
1s spectrum.?>"1% More detailed information about the sub-oxide oxygen species on copper
was given in a following publication in collaboration with Schlégl’s group,’® using a
synchrotron-based NAP-XPS spectrometer (at this time still a prototype) at BESSY Il facility
in Berlin.2® Synchrotron radiation gave the opportunity to perform photon-energy-dependent
depth-profiling and describe in detail the “sub-oxide oxygen species” reported before.
Analysis of the O 1s peak recorded during methanol oxidation revealed the presence of at
least 3 oxygen species: lattice oxygen of Cu20 at 530.3 eV, subsurface oxygen at 530.4 eV
and surface oxygen at 532 eV. The subsurface oxygen was clearly correlated to the
enchantment of the catalytic activity which was the first direct proof not only for its existence,

but also about its important role in catalysis. Interestingly, sub-surface oxygen vanish when
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the reaction is terminated and can be only observed by following an in situ surface sensitive
approach.!® Please note that there is a considerable shift in the reported O 1s binding
energies between “sub-oxide” at 531.2 eV ° and “sub-surface” oxygen species at 530.4
eV,1% which allows one to suppose that the nature of these two types of oxygen species might

be considerably influenced by the conditions.

Almost 15 years later from the work of Bukhtiyarov and Schldgl, the interaction of
methanol with clean and oxygen-coved Cu (100) single crystal surfaces was investigated by
NAP-XPS and high pressure scanning tunnelling microscopy at room temperature.'® It was
shown that methanol adsorbs dissociatively over clean Cu (100), to form methoxy species.
When AO is pre-absorbed on Cu (100), methanol reacts with it to produce adsorbed methoxy
and formate species, and consequently formaldehyde that desorbs to the gas phase. The
authors proposed that the surface oxygen originates from segregation of O previously
dissolved in the subsurface region of the Cu crystal,*®® but one should not confused it with
oxygen dissolved in the bulk, since the latter is kinetically trapped and needs much higher

temperatures to diffuse on the surface. %
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Figure 1-10. a) Co 2p3/2 XPS (hv = 965 eV), b) relative product selectivity of H, and O»
pre-treated Co(0001) measured by on line mass spectroscopy during NAP-XPS. (250 C, in 0.3
mbar CH3;OH:O; = 1:5). From ref. 1%
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Similar to copper, cobalt also reacts with methanol via the formation of surface methoxy
species. However, the surface coverage of those species was not proportional to the catalytic
activity, indicating that instead of intermediates, they might also act as reaction inhibitors.'6*
The composition of the CH30OH:O: reaction mixture influences the surface oxidation state of
cobalt. As shown in Figure 1-10, CoO surfaces favour the partial oxidation of methanol to
formaldehyde, while mixed CoO/Co304 the total oxidation to CO>. In the absence of oxygen
in the mixture, methanol effectively reduces cobalt to the metallic state, promoting H> and

CO production.*6!

The intermetallic compound ZnNi has been tested in methanol steam reforming, showing
considerable performance changes during the catalytic process.'®? NAP-XPS experiments
proved that ZnNi surface is modified under the reaction mixture as a function of time and
temperature. Based on both surface and bulk analysis of the ZnNi compound, the
substitutional NizZnzo alloy was proposed as a possible candidate for improved methanol

steam reforming catalysts.
1.3.3.2 Ethanol steam reforming over Co/CeO: catalysts

The ethanol steam reforming reaction, abbreviated as ESR, (C2HsOH+3H20—6H2+2CO2,)
is a well-known catalytic process used for hydrogen generation from bio-sources.*®> Among
the various ESR catalysts, cobalt-based catalyst has shown an exceptionally good
performance at relatively low temperature.*841% Figure 1-11 compares the NAP-XPS and
NEXAFS spectra of cobalt recorded over different cobalt-based catalysts in H> and ESR
reaction conditions.'®* The Co/ZnO maintains the CoO phase during ESR reaction, while in

case of unsupported or CeO»-supported catalysts cobalt is totally reduced to the metallic state.

The surface chemistry of Co/CeO, catalysts during ESR has been studied using both
realistic*®® and model® catalysts. Using Co deposited on CeO (111) support, Ovéri et al.
showed that cobalt promotes partial reduction of ceria. During the ESR reaction reduction of
Co?* to metallic Co® and Ce** to Ce** occurs up to 600 °C, accompanied by carbon deposition
on the surface.’®® Similar results also found on realistic powder Co/CeO, catalysts by
combining NAP-XPS with post mortem XPS analysis in a wide reaction pressure range
(0.2—20 mbar).!% This study revealed that the active surface state is formed primarily under

the ESR reaction mixture and the catalytic pretreatment has a limited effect on the surface

36



characteristics. In the presence of metallic cobalt and reduced ceria, CO production is
favoured, while the ionic cobalt species promotes higher CO> and acetaldehyde (CH3CHO)
yields. Correlation was found between the population of adsorbed hydroxyl groups and the
reduction degree of ceria; however, under the examined low-pressure conditions, hydroxyl
groups act more as inhibitors than as promoters of the ESR reaction rate. Remarkably, more
oxidized ceria supports are in favour of the ESR reaction. Reduction of ceria support is
facilitated by cobalt particles through hydrogen spillover, while reduced CeOx has a higher
number of oxygen vacancies as compared to CeO2 enhancing in this way the oxygen mobility
under ESR conditions.®” Among others, the oxidation state of ceria during ESR reaction is
influenced by the size of the ceria grains. Particularly, more Ce®*" was formed on nanosized
Co/CeO> as compared to micro-sized Co/CeQOz2, while as expected the reduction degree of

ceria and cobalt during ESR reaction increases with temperature. 67168
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Figure 1-11. (a) The Co2p NAP-XPS spectra and (b) Co-L; edge in situ NEXAFS spectra of
different cobalt-based catalysts under 0.2 mbar H, and 0.3 mbar of C;HsO: H,O =1:3 (ESR)
atmospheres. Reproduced from %4,

The above NAP-XPS studies of Co/CeO> agree that both cobalt and ceria in Co/CeO-
catalysts undergo a reduction process during the ESR reaction, which is enhanced with

temperature. Llorca’s group explore the effect of Co oxidation state on the ESR reactivity by

examining three different cobalt-based catalysts under the same ESR reaction conditions.*6®
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These tests highlighted that the degree of metallic cobalt during ESR reaction is different in
each case, with the catalysts prepared from [C02MgsAl2(OH)16]CO3-4H.O remaining
oxidized both at the surface and in the bulk, in contrast to the other two catalysts. According
to the authors, the absence of metallic cobalt formation under ESR reaction conditions
enhances the stability of the catalyst, since metallic Co induces carbon deposition that
provokes deactivation during ESR.

1.3.4  Studies of bimetallic catalysts composed of non-noble, late

transition metals

The replacement of monometallic catalysts by bimetallic NPs (NP) has emerged as an
attractive approach in the attempt to control their catalytic properties and develop better
performing materials. This is because, bimetallic particles (or as sometimes referred “alloyed
particles”) not only combine the properties of the two individual metals, but also may possess
new properties due to their synergy.l’® Several NAP-XPS studies exists over bimetallics
composed of transition and noble metal elements,*4171.180.181.172-178 ‘however since noble
metals are out of the scope of this review we will not discussed them here and some relevant
information can be found elsewhere.'®? Table 1-2 provides an overview of NAP-XPS studies

on bimetallic catalysts composed by late transition metals.

The NAP-XPS technique permits to distinguish between the outermost surface (shell) and
the inner part (core) of the NPs, contributing to our understanding of surface segregation
phenomena during catalytic reactions. Segregation at the near surface region is probed
typically by depth-dependent NAP-XPS measurements, consisting of recording the same
photoelectron peak by using various photon energies. In this way the inelastic mean free path
of the photoelectrons is modified, so as the analysis depth of the technique. Finally, the
evolution of photoelectron peaks intensity ratios is combined with the analysis depth and in

this way segregation phenomena are identified.'8

Mixed CuO/Fe304 catalysts in CO+H> mixtures were investigated by NAP-XPS in order to
understand better the role of copper promoters on iron-based FT catalysts. For unsupported
catalysts the reduction of CuO to Cu® above 180 °C marks the onset of FezO4 reduction to
a-Fe. When CuO/Fes0s is supported on SiO2, Cu and Fe oxides are only partially reduced,

even after treatment at 350 °C. XPS showed that after reduction, Cu enhances oxygen and
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carbon surface species on the catalysts, which is taken as an indication that Cu modifies the
surface chemistry of Fe-based FT catalysts.!84

Table 1-2 Reported NAP-XPS studies of non-noble late transition metals bimetallic systems.

Bimetallic NAP-XPS tested
Form o References
System Conditions
Cu-Fe CuO/Fes04 mixed oxide CO2+H; up to 350 °C 184
CoNi 25-45 nm CoNi NPs on Au Oz, Hz, CO2+Hz up to 165,156
foil 270 °C
NiCu on ZrO; 02, Hz, CHa up to 500 °C 145,187
11 nm NPs on SiO; 02, Hz, CO+Ha up to 450 °C 188
- . 02, Hz, CO2+Hz, COz up to
NiCu 5 nm NPs on SiO> 189
400 °C

15 nm NiCu NPs on
graphite

H. at 250°C 190

Oz, Hz, CO2+Hz, CO+H2 up 188,191,

11 nm NPs on SiO»
to 450 °C 192

CoCu

Co deposition on Cu(110)

(surface alloy)

COat 127 °C 103

CoNi NPs with sizes ranging from 25-45 nm were dropped casted on an Au foil and heated
up to 270 °C in Oz, Hz and CO2+H; mixture.!881% After each gas treatment the sample was
cooled down, gases were pumped out and XPS spectra were collected. Although the authors
referred to these measurements as (N)AP-XPS,'®:19 the way the experiment was done
resembles more to ex situ analysis rather than operando. In addition, the fitting procedure of
the NAP-XPS peaks shown in ref.1® is debatable due to the high number of peaks used and
the ill-defined fitting parameters (i.e. background, peaks shape and width, unfortunate choice
of Au support due to overlapping with Au 5p region etc.). Still, by combining NAP-XPS with
microscopy, the authors claimed that Ni enriches the surface of the CoNi NPs for both O2 and
H. atmospheres, but in Hz the surface was slightly richer in nickel than in 0.1 This result
agrees with a previous ex-situ XPS study of CoNi polycrystalline foils which proposed that in

oxidative atmosphere Co segregates over Ni.'®® Under CO2+H> the outer surface layer of the
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CoNi NPs forms a metallic alloy with 1:1 Co:Ni ratio.'®1%* An important finding of this work
(which actually does not require an operando approach) is that due to the synthesis procedure
phosphorus, was incorporated in the NPs and segregated to the surface during reaction. It is
almost certain that the presence of phosphorus will influence the reactivity of CoNi during

hydrogenation of CO> but this was not discussed in detail.

NiCu has been studied by 4 groups the last 5 years, using both synchrotron and laboratory
based NAP-XPS. NiCu on ZrO> was synthesized by impregnation and investigated for
methane decomposition up to 500 °C, in order to understand why Cu rich bimetallic systems
show improved coke resistance. The analysis indicated that the surface of NiCu is enriched
with Cu in Hz, while in CH4 the onset of CH4 decomposition coincides with the segregation
of Ni on the surface. By combining operando spectroscopy with DFT calculations the authors
argue that independent of the initial Cu:Ni ratio under CHs reaction conditions the

NiCu-ZrO- catalyst adopts a specific Ni rich surface.'®’

Somorjai’s group investigated 11 nm NiCu and CoCu NPs supported on a planar SiO>
support under Oz, Hz, CO and CO2+H: (only for CoCu) environments up to 450 °C by using
NAP-XPS.181%1 The as prepared NiCu and CoCu have Ni and Co enriched shells
respectively, and Cu rich core. In H2 atmosphere Ni segregates on the surface of NiCu NPs
which opposes the finding of ref." In O, Ni is replaced by Cu (oxide). In case of CoCu NPs
the surface remains rich in Cu both Oz and H2 atmospheres. NEXAFS measurements under
CO2+Ha reaction conditions (2.7 bar, 1:3 CO2:H>, 260 °C) show that both Co and Cu exist in
a fully reduced state. This is probably related to the CO2+H, reaction mixture which is a
highly reductive environment for the catalysts. It is worth noting that these findings are
different of reports on bulk single crystals in vacuum and theoretical predictions based on the
surface free energies and enthalpies of oxide formation, implying that bulk thermodynamics
are not applied in nanoscale objects.*® More recently, members of the same group, followed
the near surface composition of bimetallic Co-M (M = Mn, Cu, Ru, Rh, Re) NPs during
oxidation and reduction treatments by NAP-XPS. The effect of the second transition metal on
the Co reduction and Co surface concentration was studied, with Re being the most effective

for Co reduction.'®?

Size selected NiCu NPs supported on SiOz were investigated in various reactive

atmospheres and temperatures.®® The atomic percentage of Ni and Cu, calculated for 2
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information depths are given in Figure 1-12. Evidently in O> atmosphere Ni is segregated
over Cu, while in the subsequent H> and CO.>+H> atmospheres the structure remains
practically the same. When the atmosphere turns to CO2, Ni diffuses in the interior of the NPs
and Cu goes back to the surface (see graphic representation in Figure 1-12). NiCu is almost
totally reduced to the metallic state at 400 °C in H, confirming similar results reported for
bigger NPs.®® The authors noticed that the segregation trends observed in their study might
be not directly applicable for other NiCu alloys since is mainly determined by the
pretreatment and the degree of Ni and Cu oxidation.*®® This can explain why it is difficult to
provide a universal trend about which element of the bimetallic NP will segregate at the

surface under reducing and oxidizing conditions.
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Figure 1-12. Cu (red) and Ni (blue) atomic percentages extracted from NAP-XPS measurements

in the conditions indicated on the graphs. The insets show AFM images of the sample before and

after the annealing (scale bar: 400 nm), as well as atomic models of the NPs, where the variation

of the elemental composition with the distance from the surface, as determined by NAP-XPS, is
depicted. From ref 1%

Physical preparation methods (for example deposition of clusters from the gas phase'%)

usually provide a better control of the particle size and distribution than chemical synthesis,

while do not involve organometallic reagents and protective surfactant layers, traces of which
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might influence the reactivity.!®1% On the other hand, chemical synthesis methods are
typically employed to synthesize catalysts therefore is definitely a more realistic preparation
method when it comes to catalytic applications. Well defined surface alloys can be also
formed by vapour deposition of a metal on a single crystal surface in UHV. A CoCu surface
alloy was formed by Co deposition on Cu (110) and examined in equilibrium with CO. In
vacuum the Co atoms occupy preferentially the second layer sites, but in the presence of CO
cobalt atoms move to the top surface layer forming structures in which multiple CO
molecules attach to one Co atom. The observed BE shift of the Co 2p core level peaks due to
the interaction with CO, suggests that the CoCu surface might have different catalytic
properties than that of Cu or Co and in particular could reduce the probability C—O bond

scission.*%®
1.4 Motivation and objectives of the thesis

The NAP-XPS studies over transition metal catalysts presented above, made clear that
catalysts are not static but dynamic and the interaction with the gasses involved in the
reaction (both reactants and products) can dramatically affect their chemical composition and
consequently their catalytic properties. For this reason, studies of catalysts under working
conditions using in situ and operando spectroscopies are imperative to understand the
relationship between the surface chemical state and the reactivity. The gained knowledge of
such studies can be used, in combination to approaches based on high-throughput synthesis
and reaction Kinetic studies, in order to design new catalysts or optimize those already

existing in industry.

The literature review included in paragraph 1.2.2 suggested that cobalt oxide is the sole
non-noble metal catalyst which can obtain a performance for CO oxidation comparable, if not
better, to that of the noble metal-based catalysts. In spite the considerable amount of studies
on the effect of morphology, structure and type of support of Co-based COPrOx catalysts,
few works have focus on the identification of the active sites on cobalt surfaces during
COPrOx. In the past some reaction models for CO oxidation over cobalt oxides (competing
or not with H, oxidation, as it occurs under COPrOx conditions) have been proposed.1%71%
These models are based on indirect analysis of redox or catalytic data. However, systematic
studies on redox changes taking place in the cobalt catalyst surface under the reactant
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atmosphere are scarce. For that reason there is not a general consensus about the nature of the
active sites and in particular the active cobalt oxidation state during the reaction.

In literature the nature of cobalt active phase is mainly discussed in terms of bulk phase,
neglecting the possibility of dynamic surface changes in the reaction environment, which
typically are not detectable by “bulk” analysis methods.?® In the context of the dynamic
nature of the catalytic surfaces discussed above, this approach not only limits, but maybe
even misleading, our current understanding of cobalt active phase for PrOx. This can also
explain contradicting results concerning the activity of Co?* and Co®" appearing in the
literature.”%122% |nspired with the developments of the various operando or in situ analytical
techniques, particularly sensitive to the surface such as XPS, NEXAFs and DRIFTs, this
thesis aims to design an efficient cobalt-based COPrOx catalyst using a rational design
approach. The work is divided into parts. In the first part of the thesis it is intended to identify
the most active cobalt phase for the reaction. In the second part this thesis attempts to
stabilize this (active) phase under reaction conditions in order to optimize the catalytic
performance. In a more general context this work examines the relation between cobalt
oxidation state and its reactivity to CO and H» oxidation, as well as the interaction between

cobalt and two typical oxide promoters, namely V and Mn.
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Chapter 2

Materials and Methods
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2.1 Introduction

In this chapter, the materials, methodologies, and experimental techniques used in this
thesis are overviewed. The studied cobalt catalysts in this thesis were commercially
purchased and either used as is, or properly modified by vanadium and manganese promoters
using standard synthesis methods. Catalytic evaluation has been performed on different
setups equipped with Gas chromatography (GC) and/or mass spectrometry (MS). Routine
characterization of fresh and post-mortem catalysts, was performed using standard laboratory
methods such as X-ray diffraction (XRD), measurement of the surface area using the
Brunauer—-Emmett-Teller (BET) method, electron microscopies etc.. Advanced surface
characterization based on in situ applied spectroscopies has been performed in collaborating
research institutes and synchrotron-based laboratories. Soft X-ray adsorption spectroscopy
has been used to check the coordination environment of metal atoms on the catalysts’ surface.
X-ray photoelectron spectroscopy (XPS), either laboratory or synchrotron based, is the
primary technique used to study the surface composition and the chemical/oxidation state in
this work. The principles and instrumentation of the various characterization techniques will

be described in detail in the following paragraphs of this chapter.

2.2 Catalysts Preparation

2.2.1  Preparation of PreHz-Co and PreO2-Co catalysts

Various nanopowders of cobalt oxides were purchased from different chemicals reagents
suppliers and used as precursors of cobalt-based catalysts. The basic information regarding
the type of the commercial cobalt oxide used in each experiment is provided in the detailed
experimental part included in every chapter. Notably, the specimens studied in chapter 3 are
prepared by in situ pretreatment of commercial Co3Os oxides. For the PreH,-Co sample
(abbreviation of the pre-reduced cobalt catalysts), before each measurement or analysis, the
sample was reduced in pure H> for at least 30 min and subsequently the COPrOx mixture was
introduced, thereby avoiding exposure into air. For the PreO,-Co sample (abbreviation of the
pre-oxidized cobalt catalysts), the sample was pre-oxidized in O for 30 min to obtain the

Co0304 surface.
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2.2.2  Synthesis of promoted cobalt-based catalysts

The incipient wetness impregnation (also called capillary impregnation or dry
impregnation) is one of the easiest and inexpensive methods for heterogeneous catalyst
synthesis. In this thesis, the loading content of the promoter (Mn or V) to the active phase
(Co) is kept less than 15 at.%. The promoter precursors were firstly dissolved in a certain
amount of water, the volume of which was calculated according to the water adsorption
capacity of the cobalt oxide powder. Then the corresponding amount of commercial cobalt
particles was impregnated into the aqueous solution of Mn or V precursor. The mixture was
first let dry for 12 h at 100 °C in air and consequently calcined at 400°C in air for 3h. The

purity of the as-synthesized catalysts was confirmed by the XPS survey spectra.
2.3 Catalytic evaluation on fixed-bed reactor at 1 bar

The evaluation of the activity over pure CoO and promoted CoO catalysts for preferential
oxidation of CO by O in the presence of H, (PrOx) was performed in a fully automated
fixed-bed flow reactor (CETRIB SARL, Andlau, France).?* A schematic representation of
the basic parts of the reactor is given in Figure 2-1.
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Figure 2-1. The scheme of the catalytic fix-bed reactor in ICPEES used in this thesis

A certain amount of catalyst was introduced in a Pyrex glass tube (i.d. 10 mm) and

dispersed evenly on a P3 glass frit (16-40 um). The average thickness of the catalytic bed was
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about 1 mm. The glass reactor was then introduced in a tubular oven with the catalyst bed
located in the isothermal zone. The gas mixtures were generated using calibrated
(Serv’Instrumentation) mass flow controllers (MFCs) from Bronkhorst. The catalyst was
submitted to various temperature programs. The temperature was monitored by a type K-type
thermocouple plunging inside the catalytic bed. The product analysis was performed using
the back channel of a tailor-made on-line compact Gas Chromatograph (referred to as GC)
(Interscience, Belgium), which allows to monitor the reaction progress. The back channel
was equipped with Rt-Q-Bond (3m*0.32mm ID) and ShinCarbon (2m*0.53mm ID) columns
(Restek) mounted in series and a thermal conductivity (TC) detector (Helium as a carrier gas),
which allowed separation and detection of Hz, O2/N2, CO, CH4 and CO. within 320 s using a
backflush system. The response factor (concentration to surface area of GC peaks) of the
corresponding gases is obtained by external calibration.

2.4 Structural and morphological characterization methods

2.4.1 BET surface area analysis

The specific surface area, which is defined as the total surface area of the catalyst per unit
of mass, (with units m?/g), is obtained by the Brunauer, Emmett and Teller (BET) method
developed back in 1938. After several assumptions, the main of which being that adsorbed N>
forms a monolayer over the catalyst, the BET-calculated surface area is deduced according to

the following simplified relation:

VxBxNg
Vipxm

SBET — Eq 2'1

where:

Seer : specific surface (in m2.g™?),
V : volume of adsorbed (mL),
Na: Avogadro number (6.023x10%. mol?),
0: surface area occupied by a molecule of gas,
Vm : molar volume (mL.mol™?),
m: mass of the sample analyzed (g).
This formula is valid for low relative pressure values.

In this thesis, Nz-adsoprtion and Kr-adsorption (krypton) were both used for the
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determination of the specific area of the analyzed materials. It is known that Kr-adsorption is
more precise for small surface area due to its lower saturated vapor pressure at 77 K.2% For
material with a surface area more than 5 m?/g, N, was used as the adsorbate, whereas Kr gas
was used for the nonporous samples with a surface area around 1 m?/g. The Nz-adsorption

measurement was performed on a Micromeritics ASAP 2010 apparatus.

First, the sample is degassed at 250 ° C for 6 h under primary vacuum, in order to remove
the adsorbed species, mainly water. Nitrogen adsorption isotherms are then measured at
-196 ° C. To do this, known quantities of N2 are successively injected into the tube containing
the material. After each injection, the equilibrium pressure is measured. The amount of
nitrogen adsorbed is calculated for each equilibrium pressure, which allows the establishment
of an absorption isotherm. A desorption isotherm is also collected by following the decrease
of the relative pressure of Nz in the tube. Based on the isotherm plots, the BET surface area,
pore volume and average pore size can be obtained. Krypton-adsorption measurements were
carried out over a Quantachrome Autosorb-6B surface area analyzer in the Inorganic
chemistry (AC) department AC in the Fritz-Haber-Institute, Berlin, Germany. Samples were
degassed at 120 °C for about 5 h prior to Kr adsorption at 77 K and the specific surface areas
were calculated according to the BET method using 11 data points in the relative pressure
(p/p0) range of 0.05—0.3.

2.4.2  X-ray diffraction (XRD)

The three-dimensional structure of non-amorphous materials can be considered as regular,
repeating planes of atoms that form the crystal lattice. When a focused X-ray beam interacts
with these planes of atoms several processes take place. A part of the X-ray beam will be
transmitted while another part will be absorbed by the sample. If the X-rays are considered as
waves of electromagnetic radiation and the atoms of the sample as the scatterer points, then a
regular array of secondary spherical waves will be produced by the interaction of the two. Like
any scattering process, in most of the directions these waves interference destructively and
cancel one another, but in specific directions their interference is constructive. In this case the
relation between the spacing of the diffraction planes and the incident angle is determined by
applying Bragg's Law, shown in Figure 2-2:
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Figure 2-2. Equation (left) and scheme of Bragg’s Law (Right).

The distance between the atomic planes (dnu) is a function of the wavelength (1) of X-rays
and the angle (8) between the atomic plane and the sample. For parallel planes of atoms, with
a space dna between the planes, constructive interference only occurs when Bragg’s law is
satisfied.?®® For common lab-based X-ray diffraction, the wavelength of X-rays is fixed.
Consequently, a family of planes produces a diffraction peak only at a specific angle 20. The
characteristic set of d-spacing generated in a typical X-ray scan provides a unique
"fingerprint” of the unit cell present in the sample. When properly interpreted, by comparison
with standard reference patterns and measurements, this "fingerprint” allows for

identification of the material structure.

In this work the X-ray diffraction (XRD) patterns were recorded on a Bruker D8 advanced
diffractometer equipped with a Cu Ka radiation source (0.15418 nm) and a Lynxieye detector
operating at 40 kV and 40 mA. A continuous mode was used to collect data in the angle range
from 20 to 80 degrees at a scanning speed of 0.01 or 0.005 s. The average sizes of
nanoparticles were calculated according to the Scherrer equation:2%3

KA 180
BCOS6 % T

D is the mean size of the ordered (crystalline) domains, A is the wavelength of the incident
X-ray beam, B is the full width at half maximum of spectrum domains, 0 is the Bragg’s angle
of the peak position and finally K is a dimensionless shape factor, with a value close to unity.
The shape factor has a typical value of about 0.9 but varies with the actual shape of the
crystallite. In this thesis, K value was taken 0.9, which corresponds to spherical crystals with

cubic unit cells.?%
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2.4.3  Electron Microscopy techniques

Microscopy techniques provide the ability to observe the morphological characteristics of
the catalysts and thus are often the tools of choice in analysis of the surface morphology
before and after the catalytic reaction. In electron microscopy, high-energy electrons, with
consequent short wavelengths, form an electron beam which focuses on the sample and used
for the analysis. Typically, small objects in the size range down to 0.1 nm can be detected.
Many different types of electron microscopes are available today and can be used depending
on the type of necessary analysis, the nature of the sample and of course the availability. The
most widely used microscopy techniques in catalysis research are scanning electron
microscopy (SEM) and transmission electron microscopy (TEM). In case of planar/model
catalytic systems, scanning tunneling microscopy (STM) and photoemission electron
microscopy (PEEM) are also very informative. Due to the nature of the catalysts studied in

this thesis, i.e. powder samples, only SEM and TEM have been employed.

In SEM, a focused electron beam is scanned over the surface of the sample. These
electrons (primary electrons) interact with the material and are either backscattered or
produce secondary electrons and X-rays. The benefit of SEM is that it can be applied to a
wide range of materials, including both conductive and, with some restrictions, insulating
materials. In case of very low electrical conductivity, a thin gold or carbon layer coating can
provide sufficient conductivity to avoid charge accumulation on the surface. The samples
analyzed by SEM in this thesis do not have particular charging problems, therefore they were

measured without applying a coating.

The images provided by collecting the secondary and backscattered electrons in SEM
represent primarily the sample morphology, but also other type of information can be gained.
In this thesis the detection of backscattered electrons for morphological analysis and the
detection of characteristic X-rays in energy dispersive X-ray spectroscopy (EDX), which
provides chemical information on the studied surface, have been primarily used. Please note
that since in the EDX technique X-rays are detected, the surface sensitivity is inferior as
compared to XPS (some um for EDX instead of few nm in XPS). However, the technique is
useful to identify specific features on the samples, with relatively high spatial resolution. The
high-resolution SEM analysis was applied to image the catalysts before and after the reaction

or pretreatment. All SEM images and EDX spectra included in this work were obtained by a
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Zeiss GeminiSEM 500 SEM microscope installed in ICPEES. A photograph of the instrument

is shown in Figure 2-3.

Figure 2-3. The SEM apparatus Zeiss in ICPEES

TEM is an important high-resolution microscopy technique for the analysis of
nanostructures and nanostructured materials. In TEM the image is produced by electrons
transmitted through the sample. This requires very thin specimens, or in case of bulk samples
e very thin cross sections are cut from the main specimen. In case of powders, like in the case
here, a small amount of the sample is dispersed in a volatile solvent and subsequently is
deposited on the sample holder grid. If the powder particles size is not in the nanoscale range,
then the TEM beam is focused on the very near surface of the particles. Information about the
particle size, morphology of particles, crystalline structure (using electron beam diffraction
patterns) and chemical composition of the sample can be obtained. TEM has a number of
advantages such as: high spatial resolution below one nm, powerful magnification potentially
over one million times, which gives to the technique the ability to provide insight of shape,
size and structure of the specimen. The main disadvantage of TEM is its high acquisition and
operation cost and the requirement of a proper infrastructure assuring a vibration-isolated
building free from strong magnetic fields. In addition, it requires complex sample preparation,
and in case of soft mater the high energy electron beam can cause damage to the specimen
and complicates the interpretation of TEM images.?® All the TEM images of this thesis were

obtained by collaborating with colleagues in ICPMS, Strasbourg. The measurements were
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carried out in scanning mode (STEM) using bright field (BF) and annular dark field (ADF)
detectors on a JEOL 2100F microscope working at 200 kV.

2.4.4  Temperature Programmed Reduction

Temperature programmed reduction (TPR) is usually used in heterogeneous catalysis to
find the most effective reduction conditions. The reduction gas passes through the catalyst
layer and the catalyst is reduced according to a certain heating program. The signal of
hydrogen concentration detected by a thermal conductivity cell or a mass spectrometer as a
function of temperature provides the TPR profile of the catalyst. The reduction temperature
depends on the properties of the material including the oxidation state, particle size and
morphology etc.. In the case of mixed phases, due to the interaction between the different
phases, the properties of the original oxide might change and the reduction temperature will
change accordingly. On the contrary, the interaction between the components can be inferred
according to the degree of the mixture reduction compared to the reduction temperature of the

pure compound.

In this thesis, H>-TPR was used to monitor the optimum reduction temperature of pure
cobalt oxide as well as the promoted cobalt oxide catalysts. All the tests were performed on a
Micromeritics Auto Chem | 2920 analyzer, a schematic representation of which can been
seen in Figure 2-4. Each sample was loaded in a quartz U-tube and heated with suitable
heating program and gas conditions. A trap cooled with acetone/liquid-nitrogen slurry was
placed before the TCD detector to retain the water produced. The quantification of
H-consumption is performed by calibrating the Hz-concertration to TCD signal.
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Figure 2-4. The instrumental scheme of TPR system at ICPEES, ECPM, Strasbourg.
2.5 X-ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy (XPS) is the principal technique used in order to study
the surface state of catalysts in this thesis. It provides information of the composition and
oxidation state of the elements on the catalysts’ surface. Moreover, XPS can provide
depth-selective information by varying the angle between sample surface and analyzer (in
case of planar samples) or by changing the excitation photon energy within
synchrotron-based X-ray sources. In this section, the theory behind XPS is briefly described,

and then the instrumentation of different XPS setups used in this thesis, are discussed.
2.5.1  Theoretical background

The XPS technique is based on the photoelectric effect which was discovered by Heinrich
Hertz in 1887 and latterly explained by Einstein’s famous publication in 1905. Based on these
two principles, half a century later, Siegbahn’s group in Sweden developed several
apparatuses and established a new analytical method at this time, which he called electron
spectroscopy for chemical analysis (ESCA), or XPS as commonly referred nowadays. The
development of XPS is based on the observation that when an atom absorbs a photon of fixed
energy, hv, it ejects a core or valence electron (so called photoelectrons) with Kinetic energy
Ex. The measured kinetic energy can be used to calculate the binding energy Ep that the

ejected photoelectron had inside the atom, according to Einstein’s equation:
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Ek = hv — Eb — Q@ Eq 2-2

where

E, isthe kinetic energy of the photoelectron

h  is Planck’is Planck’s constant

E, isthe binding energy of the photoelectron with respect to the Fermi level of

the element

@ 1isthe work function of the spectrometer

A typical XPS system is composed of an X-ray source and an electron detector, referred to
as the electron analyzer. Laboratory-based XPS are using either monochromatic or
non-monochromatic dual X-ray sources which typically produce photons with one or
maximum two energies (typically Al or Mg Ka lines). Besides, synchrotron-based XPS use
synchrotron radiation as a source of X-rays which can provide a wide and easily tunable
photon energy range (typically from few up to several thousand eV). An XPS spectrum is
obtained by collecting the photoelectrons with an electron analyzer equipped with a detector.
A photoelectron spectrum represents the number of photoelectrons versus their kinetic energy
Ex (or binding energy, Ep) distribution. The Ey is informative not only for elemental analysis
but also for the local chemical environment around the ionized atom. For example, the
different oxidation state of cobalt can be differentiated in the XPS spectra of Co 2p (Figure
2-5). The Co 2p spectra show two main peaks resulting from the spin-orbit splitting: Co 2pa..
and Co 2p12. The theoretical ratio between the two peaks is 2:1. Compared to metallic Co,
the two peaks of CoO and Co30s shift to higher binding energy. The difference between CoO
and Co304 oxidation state is mainly indicated by the shake-up satellite localized at the high
BE side of the main peak. In particular, CoO has sharper and stronger satellite peaks while
Co304 show broad and weak satellite peaks located at ~780eV and 803~ eV.
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Figure 2-5. Different cobalt phases and their XPS spectra. Taken from literature.?%
2.5.2 Near ambient pressure X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) has been established as one of the best analytical
methods to probe the composition and electronic structure of solid surfaces and interfaces.?%’
However, conventional XPS spectrometers operate under ultra-high vacuum (UHV)
conditions, which imposes evident limitations when it comes to studies of materials involved
in catalytic reactions.?®® Therefore in the past, most of the XPS characterization in catalysis
was performed before and after the reaction. The recent development of XPS spectrometers
able to operate at the mbar pressure range allows surface studies of catalysts under reaction
conditions and helps to describe in situ and in real time the interactions between the catalyst
and the gases or vapours involved in the reaction. Since XPS operation with the sample in gas
atmosphere is more recent and less known than standard vacuum XPS, we provide here a

short introduction to the technique.

In the emerging years of XPS in the mbar pressure range, these kind of studies were
usually referred to as “in situ XPS?%°210 or “high-pressure XPS”.211:212 However, in order to
avoid confusion with UHV works measuring catalysts transferred from a high-pressure
reaction cell, which is also referred to as “in situ”,?*3%1% the terms “operando XPS”?7 and
“near-ambient pressure XPS” (NAP-XPS)?® were introduced. It must be noted that the term
“in situ” refers usually to XPS studies where the catalyst is analysed in reactive gas
atmospheres and under relevant temperature and pressure conditions, while the term

“operando” is used when in situ measurements are correlated with simultaneous on line gas
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phase analysis of the NAP-XPS cell atmosphere via gas chromatography (GC) or quadrupole
mass spectrometry (QMS).?1%221 |n order to keep the consistency of the text the method is
referred as NAP-XPS throughout this thesis. Whichever is the terminology in use, the
potential of this technique to reveal the active surface during the catalytic processes and
eventually to describe the reaction mechanism, was fast recognized.??? Both laboratory and
synchrotron-based X-ray sources can be used for NAP-XPS,?23 but synchrotron light sources
have several advantages, including tunability that allows to investigate the elemental
distribution in various depths (depth profiling).183224-226 \fery often NAP-XPS is combined
with calculations or other in situ techniques so as to gain improved understanding of the

catalytic materials in reactive environments.??’

In a typical XPS experiment the sample is irradiated by soft X-ray photons and the kinetic
energy of the emitted photoelectrons is measured by an electron energy analyser. As
mentioned above, the binding energy of the photoelectrons prior to photoionization is
calculated by the Einstein's Photoelectric Equation. Due to the relatively low kinetic energy
of the photoelectrons (tens or hundreds eV) only those emitted from the outer atomic layers
are detected without energy losses, making XPS a surface sensitive method. However, this is
also a main reason that limits the operation of conventional XPS spectrometers in UHV
conditions, so as to avoid scattering of the photoelectrons with gas phase molecules in their

way between the sample and the electron detector.??®

In the 70’s Siegbahn’s group reported about an XPS spectrometer able to operate under gas
atmosphere,??® however it took almost 30 years before the development of the first modern
NAP-XPS instrument with a differentially pumped electrostatic lens system,?%23 similar to
the one schematically shown in Figure 2-6.23! The last few years NAP-XPS spectrometers
are commercialized and to date more than 30 synchrotron and laboratory based instruments
of this kind are in operation globally.?1°223232 Several designs of NAP-XPS spectrometers are
available, including backfilling of the sample cell with gas or using miniature gas cells,?® but
the unique element of the NAP instruments as compared to UHYV, is the long, differentially
pumped electron lenses, which separate the sample cell from the electron analyser. Typically
the operating pressure of a NAP-XPS instrument is few mbar, while with further optimization,
it can reach up to 130 mbar.232234-2% Special cell designs using graphene membranes or high

energy X-rays photons, allow performing NAP-XPS experiments at real ambient pressure (1
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bar).22240 Up to now, studies in such instruments involve liquids and electrochemical

reactions that won’t be discussed here.

hemispherical
electron energy
X-ray analayzer

{monochromated
synchrotron radiation)

photoelectrons
electrostatic lens system

Figure 2-6 Schematic representation of a NAP-XPS set up and close up of the analyser
nozzle-sample area (from ref.??)

In a typical NAP-XPS experiment the incident X-ray beam irradiates not only the sample,
but also part of the gas phase between the sample surface and the electron analyzer aperture
(Figure 2-6). Therefore, in addition to the core-level and valence band photoemission peaks,
the gas phase can be also measured by NAP-XPS. Gas-phase spectra have been exploited as a
direct probe to measure changes of the sample work function.?*2* This is because the
gas-phase spectra are referred to the vacuum energy level and not to the Fermi level of the
sample as the core-level peaks.?*! However, apart from the sample work function, the
position (binding energy) of a gas-phase peak is affected by several other factors such as the
geometrical arrangement between sample/ aperture/incident beam and the composition of the
gas phase.?*® Besides, as explained by Schnadt and co-workers, the binding energy shift
measured using gas-phase molecules is smaller than the real work function changes. All these
reasons complicate the analysis of gas phase peaks and increase the uncertainty in the
calculation of the work function.?®® Therefore some end-stations (e.g. ISISS, HZB/BESSY II
Berlin) intentionally suppress the gas phase signal in the recorded spectra by applying a bias
to the entrance aperture of the NAP-XPS spectrometer.1®* To the best of our knowledge there

aren’t any NAP-XPS studies where the gas-phase peaks were employed to estimate the work
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function of late-transition metals under working catalytic conditions. However, this approach
has been used to measure the work function changes during the oxidation of FeO(111) layers

grown on Pt(111) and gave a good correlation with the calculated values.?*
2.5.3  The laboratory-based XPS setup in ICPEES

Preliminary studies of catalysts’ surface evolution were performed in a homemade Variable
Pressure Reactor (VPR) which is attached to the ultra-high vacuum UHV-XPS setup in
ICPEES. The general scheme of this system is described in Figure 2-7. As displayed in the
scheme, the apparatus is composed of 4 UHV-chambers, which are nominated as Load-lock
chamber, Preparation chamber, VPR chamber and XPS analysis chamber, respectively.
Three gate valves are used to separate each chamber and to allow the transfer of the sample
between the different chambers, when necessary. Each chamber is equipped with a pumping
system, composed by a turbomolecular pump connected to a primary pump. With an
exception of the VPR chamber, the pressure in all the other chambers can routinely attain
pressures below 10'mbar. The working pressure in the VPR chamber can vary from 107
mbar to 1 bar. The VPR chamber is equipped with a gas dosing system with 4 mass flow
controllers and a quadrupole mass spectrometer connected to the reactor through a leak valve.
After the sample was treated under gas environment in the VPR chamber, the gas could be
pump down to 107 mbar and the sample was transported under vacuum to the XPS analysis

chamber.
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Figure 2-7. Schematic representation of the UHV-XPS setup equipped with a Variable-Pressure
Reactor for catalytic studies.

The sample is loaded into the system through the Load-lock chamber by mounting onto a
sample holder shown in Figure 2-8. As can be seen in the picture, the sample pellet (for
powder samples) or crystal is mounted between two stainless steel plates and placed on a
boron nitrate heater. The temperature of sample is measured by a K-type thermocouple, spot
welded underneath the top stainless steel plate. The sample is grounded by a wire attached to
it. A stainless-steel mask with one or two open holes (windows) is used for fixing the sample.
Notably, the mask with two windows allows to simultaneously monitoring with XPS two
samples treated under the same conditions. With three transferring arms, the sample holder

can be transferred among different chambers under ultra-high vacuum.

Sample preparation and cleaning can be done in the preparation chamber. An evaporator
allows preparing thin films of metals, while an ion gun can produce a variable energy ion
beam for sputter cleaning the sample surfaces in UHV. The XPS 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
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dual anode (Al Ko and Mg Ka) X-ray source and the other one is a monochromatic Al Ko
source. In this work, the monochromatic Al source (hv=1486.6 eV; anode operating at 240 W)
is chosen for recording spectra with higher resolution. The X-ray incident angle is 45 degrees
with respect to the sample and the collecting angle of the analyzer was 0 degrees to the
surface normal. The photoelectrons were detected by using pass energy of 44 eV or 22 eV for

high-resolution spectra and 90 eV for the survey scan.

h-BN heater

Bottom view

sample window bias or second thermocouple

heater

heater

thermocouple

thermocouple cooling

Sample holder for UHV-VPR-XPS system

Figure 2-8. Sample holder used on UHV-VPR-XPS system in this thesis.

2.5.4 Laboratory-based NAP-XPS setup in Charles University,

Prague

Part of the in situ NAP-XPS studies, in particular those of the Co-Mn based catalysts under
COPrOx reaction conditions, were performed at the Charles University in Prague, Czech
Republic. The experiments were carried out using a photoelectron spectrometer (SPECS
Surface Nano Analysis GmbH, Germany) which is equipped with a PHOIBOS-150
multichannel hemispherical electron energy analyzer coupled with a differentially pumped
electrostatic pre-lens system (Figure 2-9). A DeviSim reaction cell*® installed in the analytic
chamber allows obtaining in situ core-level spectra of the catalyst surface directly under the
gas mixture flow at pressures up to several mbar in a wide temperature range. Spectra were
obtained using the monochromatized Al Ka X-ray source (1486.6 eV). The powder catalysts
were pressed to pellets and fixed on the sample holder using spot welding of Ta foil stripes.
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The sample holder contained a K-type thermocouple welded near the sample pellet for
temperature control. Heating was performed by electron bombardment of the rear side of the
NAP cell stage, which was in contact with the sample holder. XPS experiments were
complemented with simultaneous analysis of the gas mixture by mass spectrometry (Prisma
Pro, Pfeiffer Vacuum, Germany) to follow the change of concentrations of the reagents and

products with temperature increase.

(a) Near Ambient Pressure XPS Laboratory System

(b)

Pre-lens Lens system Hemispherical capacitor
LN, Bellows for sample 2 mm aperture Iris aperture
cooling  Z movemnet Sample  Window ~ Docking port
| ) [j
= § o
< ul | I
. - =
Bellows for Stage  Gas inlets Nozzle with Mesh Deflector
cell movement 0.3 mm aperture
~HE)
. \v/ ‘@ &)
~ 1 mbar ~10° mbar ~10" mbar
Near ambient pressure cell First pumping stage Second pumping stage  Third pumping stage

Figure 2-9. The overview of lab-based NAP-XPS system (a) and the scheme of the analysis part
(b) in Charles University in Prague. The picture is provided by Charles University.
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2.5.,5 Insitu synchrotron-based NAP-XPS and NEXAFS apparatuses

In this thesis, in-situ near ambient pressure XPS and NEXAFS measurements of
cobalt-based catalysts were performed at the third generation synchrotron HZB/BESSY |1
(Berlin, Germany). For this purpose, two different beamlines, namely ISISS*’ and
CAT@EMIL?*®, with very similar experimental stations were used. Both beamlines and
end-stations were built and administrated by Fritz-Haber-Institut of the MPG (FHI-MPG)/
Inorganic chemistry department. The ISISS beamline was used for pure cobalt catalyst study.
The experimental station is equipped with a hemispherical electron analyser (Phoibos 150
/SPECS) with a 2D Delay Line detector from Surface Concept. The analyzer is connected to
the analysis chamber through an electrostatic lens system with 3 stages differential pumping
as described above. The gases were introduced into the NAP-XPS chamber using the mass
flow controllers (Bronkhorst). The evolution of gases in the NAP-XPS cell is constantly
monitored by an on-line quadrupole mass spectrometer (QMS Prisma, Pfeiffer Vacuum, Inc,
Germany) and a micro gas-chromatograp with 3 columns. The wide-energy tunability of
monochromated soft X-ray synchrotron radiation validates the depth-profiling analysis of the
catalyst. The photoelectrons produced in the gas ambient of the NAP-XPS chamber introduce
lines in the corresponding spectrum from the material surface, particularly in the O Is and C

1s spectra.

The in situ NEXAFs spectra were collected at the same experimental setup in between the
NAP-XPS spectra, therefore the two experiments were performed under identical reaction
conditions. Spectra were measured both in the Auger electron yield (AEY) and total electron
yield (TEY) modes, but only the TEY-NEXAFS spectra are included in this thesis. The
TEY-NEXAFS spectra were collected via a Faraday cup via the first aperture of the

differential pumping system with an applied accelerating voltage.

The CAT@EMIL beamline in HZB/BESSY Il was used for the in situ spectroscopic study
over promoted-cobalt catalysts. As said above, the experimental station is very similar in the
two, however there are some differences in the photon flux. In particular, CAT@EMIL
beamline has higher photon flux (since it is an undulator beamline) than ISISS (a bending

magnet beamline) especially at the higher excitation energies.

The in situ-NEXAFs study of promoted-cobalt catalysts at 1 bar was performed in

collaboration with Dr. Elisa Borfecchia, department of Chemistry, University of Turin at the
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APE-HE beamline at Elettra, Trieste, Italy. The details of the setup and experimental methods

can be found in reference 2%°.

2.5.6  Analysis of the XPS spectra

In this thesis, all XP spectra were analyzed, i.e. peak fitting or peak deconvolution by using
the CasaXPS vs 2.3.23 software. The analysis of the Co 2p region is complicate due to the
complex peak shape and the overlap between Co304, CoO and Co photoemission peaks and
requires at least 8 individual peaks for the Co3O4 peak fitting (Figure 2-10a and b).?°
Alternatively, the contribution of each species oxidation state in the overall spectrum was
estimated here by a linear combination of pure Co® CoO and CosO4 spectra measured at the
same spectrometer over standard reference samples.!® An example of fitting of the Co 2p

spectra by reference spectra typically used in this thesis is shown in Figure 2-10(c, d).
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Figure 2-10. The fitting of Co 2p spectra reported in the literature (a, b), taken from #°; The
deconvolution of Co 2p spectra by using Co 2p spectra of Co, CoO and Co030. in this thesis(c, d).

The relative ratio of different cobalt phases was then calculated based on their peak area.
The deconvolution and assignment of C1s, O1s, Mn 2p and V 2p is based on literature reports.
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The atomic ratio of different elements on the surface is determined by the following formula:

é _ Ly/(fa X 1)
Xg  1g/(fg X ng)

where,

X is the atomic ratio of elements; (A) or (B) :

| is the spectral intensities obtained at the same Kkinetic energies of the emitted
photoelectrons

f (only in case of spectra recorded in synchrotron) is the energy dependent incident
photon flux, measured using a gold foil with known quantum efficiency at each beamline.

n is the photoelectric cross-section for the interested atomic orbital taken from?! .

The incident photon fluxes recorded at synchrotrons were directly provided by scientists

at each beamline.

2.6 Operando Fourier diffraction infrared spectroscopy

Diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) experiments were
performed on a Bruker Vertex 70 FTIR spectrometer with a Praying Mantis diffuse
reflectance accessory and a reaction cell equipped with ZnSe windows. The scheme of the
apparatus is shown in Figure 2-11. The experiments can be performed from -20°C to 800°C
under different pressure conditions by controlling the heating and cooling system. The

obtained spectra were analyzed based on OPUS software from Bruker.

ZnSe
window

IR source MCT detector

Flow
Controller

Flow
Controller

Flow

H2 X Controller

Figure 2-11 The scheme of operando DRIFT setup in ICPEES, ECPM, Strasbourg.
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For each experiment, certain amount of catalyst was loaded in a sample cup of the reaction
cell and after relevant treatment (oxidation and reduction), the sample was subsequently
heated to 200 °C in helium (10ml/min) for 30 min to remove the adsorbed water and carbon
species. A spectrum collected after the helium flush was used as the reference spectrum of
each measurement under different gas conditions. Notably, the CO adsorption experiment

below room temperature was performed by cooling with liquid nitrogen.
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Chapter 3
Correlation Between Reactivity and Oxidation State

of Cobalt Catalysts for CO Preferential Oxidation

66



3.1 Introduction

It has been proposed that CO oxidation over cobalt oxide catalysts follows the
Mars-van-Krevelen reaction mechanism.??” In particular, the CO species react with the
oxygen atoms around cobalt ions to produce CO,, which leads to the reduction of Co3* to Co?".
Consequently, the reduced Co?* ions are reoxidized to Co®" by gas phase O2. To be able to
design efficient cobalt-based catalysts, it is essential to identify the most active phase of cobalt
during COPrOx. Although most literature reports agree that cobalt remains oxidized during
COPrOXx reaction, there are contradicting accounts regarding the role of Co®" and Co?* ions. In
the majority of studies, Co3O4 is considered as the active oxidation state of cobalt-based
catalysts during COPrOx.>1080252-2%8 Thjg js supported by recent in situ surface studies which
showed that CoszOs is stable under the reducible COPrOx reaction environment.®2%°
Theoretical modeling of CO oxidation, a key step of COPrOx, over Co3O4 proposed that
octahedrally coordinated Co®" in Coz0s4 (111) is much more active than tetrahedrally
coordinated Co?* for CO oxidation.?%°-2%2 Quite the contrary, other studies found that reduced
Co304 or cobalt monoxide (CoO) has higher reactivity than that of Co0z0s for CO
oxidation.”®%2 CoO is a lower valence cobalt oxide, where Co?" ions are octahedrally
coordinated to lattice oxygen.'%2%4 Besides, in situ investigations showed that the active
surface state of cobalt in the reaction is nonstoichiometric CosO4-.° A recent density functional
theory (DFT) study supported this idea by demonstrating that Co?*on in CoO has the best

oxidation activity as compared to Co% o and Co?*14.2%°

The controversy on the reports about the active state of cobalt oxide might be partially
explained by the difficulty to define the surface oxidation state of the catalyst during the
COPrOx reaction conditions. This is a quite challenging task since, as has been shown in
several previous studies, the surface of the catalysts is dynamic and can be transformed under
reaction conditions.'® An additional factor is the substantial effect of the catalysts preparation
method and the support, which can lead to drastically different activities of cobalt.?®® For an
unambiguous reply to this scientific challenge, CoO and Co304 should emerge from the same
original material and compared under the same COPrOx reaction following an operando

analysis approach with high surface specificity.

In this chapter we directly compare CoO and Co0304 for COPrOx by using the same
unsupported cobalt oxide powder after oxidative and reductive gas pretreatments. In this way,
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we focus on the intrinsic activity of cobalt oxides and circumvent the effects of the support and
the catalyst morphology. To elucidate the influence of material properties on the activity, we
combine standard characterization with advanced operando spectroscopy and first principle
calculations, performed in collaboration with the group of Computational Surface Science and
Catalysis (CSSC) of Prof. M. Mavrikakis at the University of Wisconsin at Madison, USA..

3.2 Experimental methods

3.2.1  Synthesis of materials and catalytic tests

3.2.1.1 Catalyst Preparation

Commercial high-purity CosO4 nanopowders, 99% (metals basis, Alfa Aesar) was used as a
precursor for the preparation of oxidized and reduced cobalt catalysts in the experiments
presented in this work. In addition, catalytic tests were also performed over cobalt(ll) oxide
(99.995%) from Alfa Aesar and cobalt(ll, I1l) oxide (99.99%) from Sigma-Aldrich with
qualitatively similar results with the aforementioned CosO4 nanopowders (the data are not
complete and are not included in this thesis). The surface purity of Co304 nanopowders was
confirmed by the survey XPS spectra. The sample referred as “oxidized cobalt” was obtained
by oxidation of the CozO4 nanopowders in Oz at 350°C for 30 min, while the one called

“reduced cobalt” via reduction of CosO4 nanopowders in pure Ho at 400°C for 60 min.
3.2.1.2 Activity tests

Preferential oxidation of CO on oxidized and reduced cobalt catalysts was performed in a
continuous-flow fixed-bed reactor under atmospheric pressure. 0.15 g of the sample was
loaded into the reactor and pretreated with synthetic air (10ml min™) at 350 °C for 30 min
(heating rate 10 °C min) to remove water and carbon. For the reduced cobalt, the sample was
exposed in pure hydrogen (10ml min) at 400°C for 1 hour, which according to TPR-H; profile
reduces Co304 to metallic Co. Consequently, the sample was cooled down at 20 °C where the
gas mixture switched to 1% CO, 2% Oz, 40% H: in helium. The qualification and quantitation
of reactants and products was done by gas chromatography—mass spectrometry (GC-MS) with
3 different GC columns followed by a mass spectrometer. The sample was maintained at each
temperature for 30 min while gas was injected constantly to the GC to obtain an average
concentration. The CO conversion (Xco), the Oz selectivity to CO2 (Scoz) and the surface

specific activity (SSA) were calculated based on Equations 1 to 3 respectively:
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X oo (%)= [CO][E;J[?O]M x100

Eqg. 3-1
SCOZ(%) — l % [Co]m B [Co]out %100
2 [OZ]in _[OZ]OUt Eq. 3-2
SSA = M Eq. 3-3
m., x BET,, '

In these equations, [COJin/[O2]in and [COJout/[O]out are the flows of CO/O; into and out
of the reactor respectively, mco the mass of cobalt in the reactor and BET ¢, the cobalt specific
surface area as obtained by Kr-BET after each pretreatment.

3.2.2  Structural and morphological characterization methods

The surface area of cobalt powders after oxidation and reduction pretreatments were
determined with a Quantachrome Autosorb-6B surface area analyzer using krypton (Kr) as
adsorbate gas. Due to the relatively low surface area of unsupported cobalt powders, Kr offers
higher precision than Ar or N.. Samples were degassed at 120 °C for about 5 h prior to Kr
adsorption at 77 K and the specific surface areas were calculated according to the
Brunauer—Emmett—Teller (BET) method using 11 data points in the relative pressure (p/p0)
range of 0.05—0.3. The specific surface area of cobalt samples pretreated in different conditions
is given in Table 3-1. Temperature-programmed reduction with hydrogen (TPR-H.) of C0304
powder was performed by means of an automated catalyst characterization system
(Micromeritics, model AutoChem I1), which incorporates a thermal conductivity detector
(TCD). The surface morphology of cobalt was inspected by a Zeiss GeminiSEM 500 SEM
microscope, while TEM was carried out in scanning mode (STEM) using bright field (BF) and
annular dark field (ADF) detectors on a JEOL 2100F microscope working at 200 kV. X-ray
patterns were measured with a Bruker D8 advance diffractometer using Cu Ka radiation. The
ex-situ laboratory-based XPS measurements were carried out in an ultrahigh-vacuum (UHV)
setup coupled with a variable-pressure reactor (VPR) described in more detail in chapter 2 and
in reference.’®® The VPR was connected via a leak valve to a differentially pumped Pfeiffer
QMS 200 mass spectrometer allowing on line gas phase analysis. About 120 mg of cobalt
oxide powder was pressed into pellet and mounted on the sample holder equipped with a boron
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nitride heater and a temperature sensor. Reduced cobalt was pre-treated in 7 mbar hydrogen at
400 °C for 1 h and then exposed to the reaction mixture (1% CO, 2% O, and 97% H>) at 4
different total pressures (10, 100, 600 and 1000 mbar). The reaction was performed at 210 *
10 °C where CoO is the dominant oxidation state as suggested by NAP-XPS experiments.
After reaction the VPR was evacuated and the sample was rapidly transferred under vacuum to

the analysis chamber for XPS characterization.
3.2.3 Characterization methods for catalysts’ surface

3.2.3.1 Synchrotron-based experiments

The in situ synchrotron-based near ambient pressure X-ray photoelectron (NAP—XPS) and
near edge X-ray absorption fine structure (NEXAFS) spectroscopies were performed at the
ISISS beamline at the synchrotron radiation facility BESSY Il of the Helmholtz Zentrum Berlin,
in a setup described in chapter 2 and in details in reference.** The gas phase composition was
monitored on line by a differentially pumped quadrupole mass spectrometer (QMS), which
was connected to the experimental cell through a leak valve. The Co L32-edge NEXAFS
spectra were obtained by recording in the total electron yield (TEY) mode. The fresh cobalt
oxide powder was pressed into pellets and placed on a stainless steel plate which could be
heated at the back side by an IR laser beam. Prior to the catalytic tests, cobalt was pretreated at
0.5 mbar in O2 (300 °C) in the NAP-XPS cell for about 1 hour in order to remove adventitious
carbon. Cos0g4 is formed after this procedure as concluded by the NAP-XPS and NEXAFS
spectra. The reduced cobalt was firstly pretreated in 1 mbar H at 400 °C until the cobalt surface
became metallic (CoP), as confirmed by the characteristic Co 2p peak at 778.3 eV.1% After each
pre-treatment the reactant gas mixture of 1%CO, 2%0, and 97%H> was introduced at room
temperature and the catalyst was annealed by a ramping rate of 5 °C/min. The XPS spectra of
Co 2psp, Ol1s and C1s were collected during the reaction using two photon energies. The
NAP-XPS and NEXAFS spectra were fitted using standard reference curves of metallic Co,
CoO and Co304 recorded at the same spectrometer using the same analyzer conditions (i.e.

pass energy, step size and excitation photon energy).
3.2.3.2 Insitu DRIFT experiments

Diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) experiments were
performed on a Bruker Vertex 70 FTIR spectrometer with a Praying Mantis diffuse reflectance

accessory and a reaction cell equipped with ZnSe windows (more details are given in chapter 2).
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150 mg of Coz04 powder was loaded in a sample cup of the reaction cell and after relevant
treatment (oxidation and reduction) and the sample was subsequently heated to 200 °C in
helium (10ml/min) for 30 min to remove the water and adsorbed carbon species. After cooling
down at 25°C in helium, the reaction mixture was switched into the reactor. The spectra of each
sample collected in helium at 25°C after flushing at 200°C have been used as the reference
spectra for those in COPrOx reaction. All spectra were recorded at atmospheric pressure with
an accumulation of 20 scans at a resolution of 4 cm™. The COPrOx gas mixture was identical to
the one used in the catalytic tests (1%CO, 2%0, and 40% H: in He). The temperature was
increased stepwise from room temperature with a ramping rate of 10 °C/min up to 300 °C and
for each measured temperature the sample stayed for 30 min for gas stabilization and spectra
collection. The FTIR spectra presented here were smoothed and the background was removed

to facilitate the comparison.

3.3 Results

3.3.1  Theintrinsic activity of PreH,-Co and PreO,-Co

The COPrOx activity and selectivity of cobalt powder after pre-treatment in Hz or O (for
brevity hereafter referred as PreH»>-Co and PreO>-Co, respectively) were evaluated at
atmospheric pressure using identical reaction conditions for both samples. To compare the
intrinsic catalytic activity of cobalt after H> and O> pretreatments the surface-specific activity,
that is, the amount of CO converted per cobalt surface area measured by Kr-BET, is shown in
Figure 3-1a. As expected, CO conversion increases with temperature for both catalysts, but
there is a remarkably higher specific activity on PreH>-Co as compared to PreO»-Co. The
differences in the overall % CO conversion are even higher if one normalizes the data to the
mass of the catalyst as shown in Figure 3-2. Going back to Figure 3-1a, at 200 °C the
specific activity for PreH>-Co is about 8 times higher than that measured for PreO»-Co.
Notably, when the reaction temperature increases above 250 °C the activity of PreH.-Co is
stabilized causing similar specific activities for the two catalysts. Concerning their O:
selectivity, both samples display a similar profile (Figure 3-1b), which decreases with

temperature due to the boost of H, conversion.®’

71



120 { (a) Surface Specific Activity

-@-Pre0,-Co o —9
| -@-PreH,-Co 0
80 -

40

0 —-0—0‘_0/0

Specific Activity (mmol.h™.m?)

T T T T T T T T T
50 100 150 200 250 300
Temperature (°C)

120
(b)O Selectivity to CO, =-@-Pre0,-Co
E\O, g\o -@-"PreH,-Co
8 80
8
2 ]
2
S 40 A
% o—o
)] E
ON °/°
0-*"'
o -
T

— : :
50 100 150 200 250 300
Temperature (°C)

Figure 3-1. Surface specific activity or the amount of CO converted per surface area in
mmol-h*-m2and b) O selectivity to CO- for PreO,-Co and PreH-Co as a function of
temperature-based gas chromatography (GC) measurements. Experimental Conditions: 1%CO,
2%0; and 40% H; in He-balanced flow; 0.15 g catalysts; 10ml/min of total flow; atmospheric
pressure (1 bar). Every point was recorded after remaining for 30 min at each temperature.
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Figure 3-2. CO conversion for PreO,-Co and PreH.-Co as a function of temperature-based gas

chromatography (GC) measurements. Experimental Conditions: 1%CO, 2%0, and 40% H, in

He-balanced flow; 0.15 g catalysts; 10ml/min of total flow; atmospheric pressure (1 bar). Every
point was recorded after remaining for 30 min at each temperature.

The GC signals of the main carbon products (CO. and CH4) are shown in Figure 3-3. Up
to 200 °C the production of CO: increases for both samples (although as mentioned above the
increase for PreO2-Co is marginal), but above this temperature in case of PreH,-Co the CO>
production decreases steadily with a consequent increase of the methane signal. This suggests
that on the PreH>-Co, CO methanation is promoted above 200 °C, while CO oxidation is
suppressed, in accordance with previous COPrOx studies showing that CO methanation
reaction is enhanced with temperature.?®” In some of the previous COPrOx studies on cobalt,
the formation of CH4 has been attributed to the presence of reduced cobalt species (CoOx or
metallic Co).3"?6268 Besides cobalt oxidation state, methane formation has been associated to
the interaction of CO with surface adsorbed OH groups.?®?® As will be discussed next,
significantly higher population of adsorbed OH groups is observed in the case of PreH»-Co as
compared to PreOz-Co, which might be linked to the higher methane production over
PreH>-Co catalyst. Overall, the catalytic results indicate that PreH>-Co has significantly
enhanced COPrOXx reactivity as compared to PreO,-Co, while at least for temperatures up to

200 °C, both samples exhibit similar carbon product selectivity.
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Figure 3-3. The evolution of CO; and CH4 GC signals of the COPrOx reaction as a function of
temperature for (a) PreO,-Co and (b) PreH»-Co catalysts. Experimental conditions: 1%CO,
2%0; and 40% H; in He-balanced flow; 0.15g catalysts; 10mlI/min of total flow; atmospheric

pressure (1bar) and after remaining for 30 min at each temperature.

3.3.2  Structure and morphology characterization

The X-ray diffraction (XRD) patterns of both fresh and spent PreO,-Co (Figure 3-4)
correspond to the CosO4 cubic structure. The strong and sharp Bragg diffraction peaks
suggest a high degree of crystallinity, while the absence of secondary phases in the XRD
patterns confirms the high phase purity of CozO4 powder. In the case of PreH2-Co, the XRD
pattern before reaction is dominated by the diffraction peaks of metallic Co, while after
COPrOx the peaks of metallic Co disappear and the diffractogram is composed exclusively of
Co0 and Co304 diffraction peaks,'* suggesting that the bulk crystallite structure of cobalt is

affected by the H» pretreatment and remains partially reduced also during COPrOx reaction.
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Table 3-1 The structural properties of cobalt catalysts after different pretreatment

Crystallite size Kr-BET surface

Cobalt Catalysts
(nm) area (m2/qg)
PreH; Co 42.8C°0 1.616
PreO; Co 58.9C0304 0.831

— fresh PreH,-Co
. ((3:%384 —— used PreH-Co
A Co used PreO,-Co
fresh PreO,-Co

—— fresh Co,0,

Intensity (a.u.)

20 30 40 50 60 70

2 Theta Angle(°)

Figure 3-4. The XRD patterns of fresh cobalt catalyst, as well as PreO,-Co and PreH;-Co
catalysts just before (fresh) and after (used) the COPrOx reaction at 1bar for 2 hours.
Figure 3-5 shows some representative scanning transmission electron microscopy (STEM)
images of the spent PreO,-Co and PreH»-Co catalysts. The PreO»-Co catalyst display a well
crystallized structure with only the characteristic lattice fringes of Co3O4 (Figure 3-5), while
the PreH>-Co was found to display a porous “opened” structure with the presence of the
lattice fringes of CoO (200), (220) and (111) planes (Figure 3-5¢) in accordance with the
XRD results. The scanning electron microscopy (SEM) images of the two spent catalysts are
shown in Figure 3-5¢,f. The micrographs indicate aggregated cobalt particles but with similar

sizes for both samples. Notably, in both TEM and SEM images formation of pores at the
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exterior of some cobalt particles can be seen in the case of spent PreH»-Co but not for

PreO,-Co catalysts. Pore formation after reduction could be explained by a Kirkendall-type

effect as has been reported previously.?’"*7?

Figure 3-5. ADF-STEM images (inset, the corresponding BF-STEM images) (a,d) and high
resolution BF-STEM images (b,e) of the spent PreO»-Co (a, b) and PreH»-Co catalysts (d, €)
SEM micrographs of the spent PreO,-Co (¢) and PreH,-Co catalysts (f). In all cases the images
were recorded after COPrOx reaction up to 200 °C for 1 hour.

3.3.3  Surface state of cobalt under reaction conditions monitored by in situ XPS
and NEXAFS

Synchrotron-based near-ambient-pressure X-ray photoelectron spectroscopy (NAP-XPS)
was used to shed light on the surface oxidation state of cobalt under working COPrOx
conditions. Figure 3-6 presents the evolution of Co 2p spectra of PreO2-Co sample with the
reaction temperature. The Co 2p peak appears at 780 eV and is accompanied by a broad
satellite at the high binding energy side, which are typical spectra characteristics of spinel
Co304 compound.'® The Co 2p peak remains identical from 25 °C to 300 °C, suggesting that
the Co304 phase is sustained during COPrOx reaction on PreO2-Co, confirming previous
results over calcined cobalt catalysts.® These findings are further supported by the Co Ls-edge
NEXAFS spectra presented below.
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Figure 3-6. The Co2p spectra of PreO»-Co measured in different COPrOx reaction
temperatures. Reaction conditions: 1%CO, 2%0, and 97%H, at 0.5mbar with a temperature
ramping rate of 5°C/min; prior to the reaction c_obalt was reduced in 1 mbar O at 300 °C for 30
min.

In the case of PreH>-Co, the Co 2p photoemission spectra during COPrOx are shown in
Figure 3-7a. At 50 °C the Co 2p peak contains the contribution of both metallic Co at 778.8 eV
and Co?* clearly evident by the characteristic peak around 781 eV and the intense satellite
shifted by 6 eV at higher binding energy.?”® By increasing the COPrOXx reaction temperature
the metallic Co feature of the Co 2p spectra disappears and CoO dominates the spectrum up to
250 °C. At 300 °C the Co 2p spectrum of PreH,-Co resembles the one of PreO,-Co suggesting
further oxidation to Coz0s4. A peak deconvolution procedure using Co 2p profiles recorded
over reference Co, CoO and Coz04 samples was used to assess quantitatively the oxidation
state evolution as a function of temperature. As shown in the inset of Figure 3-7a in the
COPrOx temperature window between 75 and 250 °C, CoO is the dominant oxidation state of
PreH>-Co, while metallic Co and Co30s appear at low and high reaction temperatures,

respectively.
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Figure 3-7. a) In-situ NAP-XPS spectra of Co 2p on PreH,-Co during COPrOx at various
temperatures. The inset shows the distribution of cobalt phases obtained by Co 2p peak
deconvolution. Reaction conditions: 1%CO, 2%0; and 97%H; at 0.5mbar with a temperature
ramping rate of 5°C/min; prior to the reaction cobalt was reduced in 1 mbar H; at 400 °C for 30
min. b). In situ NEXAFS spectra of PreO,-Co and PreH-Co recorded at 300°C at the
aforementioned reaction conditions.

The depth distribution of CoO and metallic Co over the first few atomic layers was
investigated by non-destructive depth profile measurements, in order to distinguish which of
the two phases is located at the outermost surface layers during the dramatic enchantment of
the COPrOXx activity. The Co 2p spectra of PreH>-Co recorded at 200 °C in COPrOx mixture
with two different photon energies are shown in Figure 3-8a. As the photon energy increases
(deeper layers are probed) the contribution of the metallic Co components in the Co 2p
spectrum increases, suggesting that metallic cobalt is buried under a CoO surface layer, in a
CoO-shell/Co-core like arrangement. Quantitative calculations based on the intensity ratio
between CoO and Co species in the Co 2p spectrum,?# indicate that the average thickness of
the CoO layer at 200 °C is 1.1+0.1 nm, or about 3 to 4 CoO atomic layers. This result implies
that the dramatic increase of the PreH»-Co catalytic activity is associated with the formation of

an ultrathin CoO layer on the surface of the cobalt catalyst.
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Figure 3-8. a) The Co 2p peak obtained on PreH,-Co catalyst in CO-PrOx at 200°C. b) The O 1s
peak obtained on PreO,-Co catalyst in CO-PrOx at 250°C. CO-PrOx conditions: 1%CO, 2%0;
and 97%H,, 0.5 mbar. Spectra are recorded using two different excitation energies (hv),
resulting in two electron kinetic energies (KE) and information depths (i.d.). The mean
thickness of CoO estimated by the two spectra in figure is 1.1+0.1 nm.

To clarify the atomic structure of the cobalt oxides, NEXAFS was used as a sensitive local
structure probe.?’® The Co Ls-edge absorption spectra of PreO.-Co and PreH2-Co under
COPrOx at 300 °C, as well as reference spectra of various cobalt oxides are summarized in
Figure 3-7b. The Co-Ls adsorption peak in case of PreO,-Co is matching the reference Co304
spectrum indicating a CosO4 spinel structure with an octahedral Co®* and a tetrahedral Co?*
coordinated to oxygen,*®® in accordance with the NAP-XPS spectra shown in Figure 3-6. In
the case of PreH,-Co the Co Lz-edge peak differs from those of the reference Co304 and CoO
samples. The curve obtained by subtraction of Coz04 reference spectrum (indicated as diff. in
Figure 3-7b corresponds to that of the standard CoO reference.'®* In addition, the resemblance
of the difference spectrum with that of the octahedrally (Oh) coordinated CoO reference,
suggests formation of the cubic rocksalt CoO phase, instead of the tetrahedral (Td) wurtzite

CoO previously observed over oxidized cobalt nanoparticles.!’"1%

Figure 3-9 compares the C 1s and O 1s core level spectra of the PreO.-Co and PreH>-Co
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catalysts recorded under identical COPrOx reaction conditions. In the C 1s region of PreO2-Co
shown in Figure 3-9, three carbon components can be clearly identified. The peak around
284.6 eV is due to C-H and C-C bonds, while those at 286.4 eV and 288.4 eV are induced by
oxygenated carbon species (abbreviated as COx).2’® Similar carbon species are also detected
over PreH,-Co, however in a considerably lower amount than PreO-Co, as it is reflected by the
evolution of the carbonate species (COx) inserted in Figure 3-9. As can be seen, the population
of COx in the case of PreO2-Co is systematically higher as compared to PreH-Co.
Furthermore, the decrease of carbonates population on PreO»-Co above 200 °C is correlated
with the enhancement of the catalytic activity on this sample found in Figure 3-1. This result
suggests that the population of carbonates over Co030s is inversely proportional to the

catalytic activity of this sample, as will be discussed in detail later.
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Figure 3-9. The NAP-XPS spectra of C1s (a) and O1s (b) on PreO,-Co and PreH,-Co recorded
during COPrOx. Experimental Conditions: 1%CO, 2%0; and 97%H; at 250°C in 0.5mbar. The Co
2p peak analysis shows that at these conditions the surface oxidation state is 100% Co304 and 95%
CoO for PreO,-Co and PreH,-Co catalysts, respectively. The inset graph shows the evolution of the
carbonate species (COx) as a function of the COPrOx reaction temperature calculated by the C 1s

and Co 2p NAP-XPS spectra. The intensity of COx in the C 1s spectrum was determined by
deconvolution of the C 1s peak similar to the one shown in figure 3-7a. Spectra were properly
normalized to the photon flux and the photoemission cross section.
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The O1s spectra shown in Figure 3-9b indicate the presence of multiple oxygen species.
The peak at 529.8 eV is assigned to lattice oxygen of cobalt oxides, while the two O 1s
components at 531.5 and 533.5+0.1 eV are typical for oxygenated carbon species and/or
hydroxyl groups (abbreviated as Oags).19317°2°4277:218 Depth-dependent NAP-XPS spectra (see
Figure 3-8b confirmed that Oads components are mainly surface located over the lattice oxygen.
Comparison of the O 1s spectra between the two samples indicates a notable enhancement of
the Oags In the case of PreO,-Co catalysts. In particular, the Oags/Co ratio increases from 0.53
for PreH»-Co to 1.14 for PreO,-Co. Since oxygenated carbon and hydroxyl groups have very
similar binding energies in the O 1s region, it is not straightforward to compare their relative
abundance on the two samples based on the Oags/Co. In order to do so, we include in the Figure
3-9b the peak area ratio between the C 1s and O 1s components associated exclusively to COx
and Oags species respectively. The COx/Oags ratio for PreO2-Co is found 0.4 which is in fair
agreement with the expected stoichiometry of carboxyl species (0.33). On the contrary, the
corresponding COx/Oags ratio for PreH»-Co is 10 times lower (0.04), which suggests that the
oxygenated carbon species are accountable of a very small fraction of the O 1s peak at 531.5 eV.
Therefore, one can assume that the PreH>-Co contains a significant contribution of adsorbed

OH groups, at least as compared to the PreO»-Co.

3.3.4  The influence of the pressure gap on the cobalt oxidation state
during COProOx

In order to examine the effect of the pressure gap between the spectroscopic and catalytic
experiments (0.5 mbar instead of 1 bar) on the stability of CoO, the COPrOx reaction over
PreH,-Co was performed at various pressure regimes using a variable-pressure reactor. The Co
2p32 spectra (Figure 3-10) recorded after reaction reveal that CoO is the main cobalt oxidation
state with minor contribution of metallic Co (<12%) in the entire pressure range, with an
exception the experiment at 10 mbar, where metallic Co is not observed. Since XPS
measurements were not performed in situ, it is difficult to verify the cause of complete cobalt
oxidation at this pressure. However metallic Co is not expected to significantly influence the
reaction, since according to depth dependent measurements (Figure 3-8a), the surface is
dominated by CoO. Variable pressure experiments provide strong evidence that for PreH»-Co
the CoO can be maintained during COPrOx reaction at temperatures around 200 °C and

realistic reaction pressures. We note that when variable pressure experiments were performed
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over PreO-Co, the CosO4 phase was the only one detected after reaction (data not shown).

The evolution of the reactants and products as a function of temperature at the two extreme
pressure regimes, namely 0.5x10° and 1 bar, are shown in the mass spectrometry results
inserted in Figure 3-10. The reactivity profiles are comparable in both pressure regimes
indicating a qualitatively similar catalytic performance of CoO. Mass spectrometry profiles are
also very much alike the GC results discussed in Figure 3-3. Please note that during the
combined catalytic and XPS experiments the Hz concentration in the PrOx mixture was 97%,
which is considerably higher than the one used for the catalytic tests and the DRIFTS

experiments discussed next (40% Hy).
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Figure 3-10. The XPS Co2ps, spectra of PreH,-Co measured after COPrOXx reaction at 210 °C at
various total pressures. The Co2ps2 spectrum at 0.5 mbar is in situ NAP-XPS, while higher pressures
Co 2psr2 spectra were recorded ex situ after 30 min reaction followed by reactants evacuation and
transfer under vacuum to the XPS spectrometer. The inset graphs show the corresponding QMS
data of the consumption of reactants and yields of products as a function of the reaction temperature
recorded at 0.5 and 1000 mbar (the reaction temperature in these experiments was expanded up to
300 °C).

The influence of H> concentration on COPrOx catalytic performance has been previously
studied over Ru and Au catalysts.2’°?% These studies have shown that at low concentrations Hz
promotes CO oxidation reaction, but above 20 % Ha the influence of H2 concentration in the

CO conversion activity fades. According to these reports it is expected that the high H>
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concentration used during the NAP-XPS and VPR XPS experiments should not significantly
influence the catalytic behaviour. Overall, both ex situ and in situ spectroscopic results confirm

that CoO can be stabilized during COPrOx in a quite broad pressure range.
3.3.5 Operando DRIFTs Study

Diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) was used to
evaluate in situ the formation of adsorbed species. The DRIFTS peaks related to CO adsorbed
species after careful subtraction of the contribution of the gas phase bands are shown in
Figure 3-11a and b, for PreO, and PreH>-Co respectively. The absorption band around 2058
cm™ observed at low temperatures on both samples is assigned to the linearly adsorbed CO
(COags) on cobalt.?8t The CO.gs peak disappears at higher temperature due to the weak
interaction of CO with the surface. The band at 2018 cm™ corresponds to C=0 species and it
is stable on PreH>-Co but is practically absent on PreO,-Co. This type of adsorbed species is
known to strongly adsorb on reduced cobalt phases,?®2%8 confirming the in situ XPS results
of Figure 3-7. The band at 2040 cm™ which is enhanced with temperature could be assigned
to CO adsorbed on ionic cobalt species,?®* e.g. Co?** of CoO, the presence of which is
expected according to the photoemission results. This is in agreement with the CoO
distribution as a function of reaction temperature and the fact that the cobalt with higher
valence has a CO absorption band at higher wavenumber region.?!

On the PreO,-Co the absorption bands in the range between 2030 and 2090 cm™ have been
previously attributed to CO absorption on Co®** and Co?" sites of C0304.23% However, apart
from COags at 2058 cm™ and a weak absorption peak at 2081 cm, it is difficult to
consistently identify the CO absorption bands in this region. This is partially due to the weak
FTIR signal induced by multiple absorptions on the dark Coz0s powder in this case.
Nevertheless, the in situ DRIFTS results support the fact that PreH>-Co may contain metallic

Co and CoO under atmospheric pressure reaction conditions.

The absorption bands in the region from 3200 to 4000 cm™ (Figure 3-11b) are due to
adsorbed hydroxyl groups (-OHags) and water molecules.?®® A broad band around 3530 cm™
appears in both PreO.-Co and PreH>-Co and its intensity is notably increased with the
reaction temperature. This peak is induced by the stretching modes of H-bonded OH- groups
of water molecules?®2% and it is consistent with the water formation due to hydrogen

oxidation shown by the mass spectrometry at high temperatures. Besides, at low temperatures
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an additional absorption band is observed around 3745 cm™ mainly on the PreH,-Co. This
band was previously ascribed to non-H-bonded OH- species,?®’ formed on the surface of CoO
via surface hydrogenation. Above 250 °C an additional narrow band at 3015 cm™ related to
the methyl (-CHs) species?®®2% is observed on PreH,-Co, complying with the production of

methane at higher temperatures observed in the gas phase.’+26:268:290
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Figure 3-11. In situ DRIFTS spectra recorded under COPrOx reaction at various temperatures
over a) PreO,-Co and b) PreH,-Co. Reaction conditions: 1%CO, 2%0, and 97%H; at 1 bar with
a temperature ramping rate of 5°C/min.

The main frequency region of carbonate vibrations is shown in Figure 3-12. In this region
the absorption bands of several carbonate species, such as bidentate and monodentate, appear
together with other carbon species such as formate and acetates.?22% Comparison between

PreH>-Co and PreO>-Co samples reveals that 3 particular peaks are relatively more intense in
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the case of PreO.-Co. These peaks are centered at frequencies of about 1230, 1340 and 1465
cm™. Based on previous results the band at 1230 cm™ can be assigned to bicarbonate and/or
carbonate species,?®! the one at 1340 cm™ to formate and/or bidentate carbonates,?2":291:294.295
while the peak around 1465 cm™ is due to mono- or poly-dentate carbonates species.?2/:294-2%
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Figure 3-12. The in situ DRIFTS spectra over PreH,-Co (a) and PreO,-Co (b) under COPrOx
reaction condition from 150 to 250°C. Conditions:1%CO, 2%0,, 40%H- in He balance. The
broad peak of absorbed water around 1600 cm™ has been subtracted to facilitate the detection
of carbon-based species.

Quantitative comparison of carbonate coverage between the two samples is not
straightforward since the DRIFTS signal is influenced by the penetration depth of the infrared
beam into the powder sample which is a strong function of the particle size and packing
density.?®” However, DRIFTS results reveal key differences in the adsorbed species between

the two surfaces during COPrOXx.
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3.4 Correlation between cobalt oxidation state and COPrOx

reactivity

The COPrOx catalytic tests showed that pre-reduced cobalt oxide catalysts can maintain a
significantly higher specific activity as compared to their oxidized counterparts, at least for
intermediate reaction temperatures. The reduction pretreatment induces pore formation
(Figure 3-5) and increases the BET surface area of cobalt powders (Table 3-1), which can
partially explain the dramatic enhancement of the overall % CO conversion observed on this
sample. However, comparison of the surface specific activities between 150 and 250 °C
(Figure 3-1a) manifests that the higher activity of PreH>-Co cannot be entirely justified by
invoking the differences in the surface areas. The in situ NAP-XPS and NEXAFS
experiments (Figure 3-7) demonstrated that CoO is maintained on the surface of PreH>-Co
during COPrOXx at least up to 250 °C, while PreO2-Co remains as C030a4. The higher surface
specific activity at identical COPrOXx reaction conditions (up to 8 times) is associated with
CoO surfaces. When the reaction temperature increases to 300 °C, the CoO phase of the
PreH>-Co sample is transformed into Co304, and correspondingly the difference between the
surface specific activities between the two catalysts fades (Figure 3-1a). In spite of that, the
overall % CO conversion remains higher on the PreH,-Co catalysts due to their porous
morphology induced by the pretreatment (seen in SEM and TEM images). The findings of
NAP-XPS results regarding the stability of CoO during COPrOx can be at least qualitative,
extrapolated also in 1 bar reaction conditions (Figure 3-10), which represents an important

confirmation of the dominant effect of the surface oxidation state on the COPrOXx reactivity.

The in situ DRIFTS spectra (Figure 3-11) advocated formation of several carbon and
oxygen-bearing adsorbed species, which are transformed during the reaction. Along with that,
the analysis of the C 1s and O 1s in situ photoemission spectra (Figure 3-9) suggested that
the surface oxidation state of cobalt catalyst can directly affect the concentration of
surface-adsorbed species during COPrOx and consequently the reaction kinetics. With the aid
of first principles DFT calculations we could explain why more carbon species were detected
on the pre-oxidized catalyst as compared to the pre-reduced one at the same temperature.
The calculation of CO adsorption suggests that CO oxidation is significantly less exothermic
(-35 kJ/mol) on Co0304 than on CoO (-67kJ/mol), which actually cannot explain why CoO

performs better in the reaction. However, the calculated barriers for CO> desorption is
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significantly lower for CoO (41 kJ/mol) than for CosO4 (71 kJ/mol), which practically means
an increased residence time of COx-type species on the more coordinatively unsaturated
Co0304. The increase in carbon coverage translates into a higher number of blocked sites on
Co0304, which would rationalize the higher CO oxidation activity of CoO under the same
conditions. The DFT predictions are in accordance with the experimental data shown in
Figure 3-9a, where a net increase of carbonate species under COPrOx was observed in the case

of surface Co3z04 formation.
3.5 Effect of the reactants flow on the cobalt oxidation state

The above presented results established the relation between cobalt oxidation state and
reactivity. In this paragraph we examine how the flow of the reactants (the inverse of the
weight hourly space velocity, WHSV) affects the oxidation state of cobalt and consequently
its reactivity. The experiments were performed in the variable pressure reactor (VPR, 0.6L
volume) attached to the UHV setup with a monochromatic XPS spectrometer, described in
the experimental part and in reference 2%. Prior to the reaction the CosO4 powder catalyst was
reduced in situ in the VPR reactor at 400 'C in 1 mbar of Hz for 30 min. Consequently, it was
cooled down in Hz and the COPrOx reaction mixture (composition: 1% CO, 1% O %, 50%
H2 in He, total pressure of 10 mbar) was introduced at 30 °C. The temperature was raised at
300 °C with a ramp rate of 10 °C/min and the catalysts maintained at this temperature for 30
min. Finally, the sample was cooled down in the COPrOx mixture, the reactor was evacuated
to 10" mbar and the sample was transferred under vacuum to the XPS chamber for analysis.
This procedure was repeated for 5 different gas inlet flows using calibrated mass flow
controllers. In all cases, the total pressure of the reaction was kept constant at 10 mbar by
regulating the exit flow of the reactor using a motorized gas regulating valve (EVR 116,

Pfeiffer). The reactor residence time (tr) is calculated based on the formula given below.

. . volume of reactor(cm’?)
Reactor residence time, 7, (S) =

. 3 -1
output volumetric flow rate (cm” s7) Eq. 3-4

The applied flows and the corresponding residence times used in the experiment are given
in Table 3-2:
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Table 3-2 The content of different Co species on spent pure Co under different gas flows
corresponding to different residence time.

Reactants Reactor Co° CoO Co304
flow residence
) time (sec) from Co 2p (%) from Co 2p (%) from Co 2p (%)
(cm3/min)
8 4500 55.9 44.1 0

10 3600 39.5 60.5 0

25 1440 0 100 0

50 720 19.5 0 80.5

100 360 8.5 12.2 79.3

Figure 3-13 shows the Co 2p spectra recorded after COPrOx reaction for the different gas
inlet flows shown in Table 3-2. The percentage of the 3 different oxidation states of cobalt
(Co® CoO and Co30.) included in Table 3-2, was estimated by deconvolution of the Co 2p
peak using reference spectra. The mean valence state of cobalt as a function of 1, is shown in
the inlet graph of Figure 3-13. From these results it becomes clear that the flow of the
reactants has a dramatic effect on the oxidation state of cobalt catalyst. In particular, the
higher the flow (i.e. the lower the reactor residence time of the gases) the more oxidized the

cobalt catalyst.

The catalytic response of each experiment as a function of the reactor residence time (i.e.
gas flow) is given in Figure 3-13b. The Oz conversion (Xo) is influenced dramatically by
the residence time, with higher t contributing to equally higher Xo.. On the contrary, the
conversion of CO (Xco) is stable up to T = 1440 sec (flow 25 cm®/min), but drops almost 3
times for tr < 1440 sec. According to the discussion in the previous paragraphs, the drop of
the CO conversion it is most probably caused by the high concentration of C03z04 on the
surface of the catalyst reveled by the post-mortem XPS analysis (Figure 3-13a). The
selectivity of CO to CO2 (Sco2) between the higher the lower 1 increases of about 2 times, in
agreement with the observations of the Xo2 (please note that the Sco> is calculated here as the
Xco ! 2*Xo2 ratio).
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Figure 3-13. (a) XPS spectra of Co 2p after reaction under different flow corresponding to
different reactor residence time and (b) the%o conversion of O, and CO, the CO selectivity and
the CH, yield calculated based on the QMS date recorded during COPrOX reaction with
different residence time. The inset of figure a, shows the mean cobalt oxidation state as a
function of the reactor residence time. Reaction conditions: 1%CO, 1%0., 50%H: in He, total
pressure of 10mbar, heating from 30°C-300°C with a ramping rate of 10°C/min.

It is extremely interesting to note the dramatic differences observed in the CH4 production
(represent as the yield, Ycns, normalized to the maximum CHg signal increase observed by
the QMS) as a function of the residence time. The higher CHs yields are observed in flow
conditions where high amounts of metallic cobalt are noted by XPS (i.e. high t). This
correlation is in agreement with the well-known property of metallic cobalt to catalyze the
CO and CO, methanation reactions’?%2%82% and provides another indication that reactivity

and surface oxidation state of cobalt are closely associated.

The catalytic tests performed in the VPR are in agreement with previous studies suggesting
that the residence time has an influence over the performance of the catalysts for COPrOx. In
particular, it has been reported that the CO conversion increases with the increase in the
residence time, while the CO selectivity slightly decreases®®® similar to the results in Figure
3-13b. However, here we provide new evidences about this behavior by combining catalytic

89



results with XPS analysis. It is shown clearly that the effect of the residence time might be

directly correlated with the changes in the surface state of the catalyst.

Describing in detail the influence of the residence time of the reactants in the reactivity is a
complex task that requires detail kinetic studies, using a conventional catalytic reactor.
Although, such analysis is out of the scope of this thesis, it is interesting to attempt to
qualitatively explain why high COPrOx reactants flows oxidize cobalt catalysts in a greater
extent than the low flows. The gas phase Oz in the COPrOx mixture is not only used for the
CO oxidation reaction, but it is also an oxygen source for cobalt oxidation. It is evident that
the higher the abundance of O, in the COPrOx gas mixture the more extended the cobalt
oxidation would be. For a fixed COPrOx mixture composition, the abundance of O in the
gas phase above the catalyst depends of 2 main factors: i) the O, conversion either to CO; or
to H.O formation and ii) to the flow of the reactants in the sense that higher flows means
decrease of contact time and the amount of the adsorbed reactants on the surface of the
catalyst. The gas phase analysis in Figure 3-13b shows that the O2 conversion increases
considerably with the increase of the residence time, which indicates that in this case there is
less available oxygen for the oxidation of cobalt. This can explain why the cobalt catalyst

appears more reduced in the post-mortem XPS analysis under low flow reaction conditions.

Here should be noted that the explanation provided above takes into account only one of
the factors that affect cobalt oxidation, i.e. the oxygen concentration in the gas phase.
Definitely, other parameters such as the temperature, the intrinsic reactivity, the redox effect
of the other gases in the mixture (e.g. H20), etc. are affecting the redox behavior of the
catalysts. However, these results indicate that changes in the surface oxidation state of cobalt,
and probably for other transition metals as well, is the rule rather than the exception during
COPrOx. Therefore, it should be considered also for other types COPrOx studies, as for

example in Kinetic studies targeting to describe the reaction mechanism.
3.6 Conclusions

In this chapter, CoO and Co304 surfaces were formed over unsupported cobalt powder by
gas pretreatments and their COPrOx reaction performance was compared. Notably, the
oxidation state of cobalt has a remarkable effect on the COPrOx activity, suggesting that
octahedrally coordinated Co?* in the CoO form is considerably more active for this reaction

as compared to Co30s. DFT calculations made by colleagues in University of
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Wisconsin—Madison suggest that a possible origin of the activity differences is the blocking
of surface sites by carbonates which are favored on Co0304 (001) but not on CoO(001)

surfaces.

Overall, this chapter provides solid arguments about the most active state of cobalt oxide
catalysts for COPrOx reaction and concludes a lasting debate on this topic. The insights into
the high CoO activity for COPrOx reaction provided here not only shed light on a long
standing debate, but also provided an important step towards new design strategies of
high-performance COPrOx catalysts. Moreover, these results might be also extended to
emphasize on the crucial role that the near-surface region has on the catalytic performance.
Although this role has been made apparent since the early surface chemistry studies,
determination of the more active catalytic state has been always challenging due to the so
called material and pressure gaps. Here we were able to correlate surface state and catalytic
performance over complex catalytic materials and under realistic reaction conditions,

following an approach that can be employed in the future for other catalytic reactions.

An additional important point found in this chapter is that at certain reaction conditions the
cobalt deactivates fast and this is clearly related to the oxidation of CoO to Co304. As it will
be shown, this information will be used in the next chapters as a guide to synthesize a cobalt

catalyst, which is not only active, but also much more stable.
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Chapter 4
Influence of Manganese in the Catalytic Performance

of Cobalt during COPrOx
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4.1 Introduction

In the previous chapter it was shown that formation of CoO-type surface oxide is beneficial
for the COPrOXx activity, but unfortunately this face is metastable and is transformed fast to
the less active C030s. In an attempt to stabilize CoO on the surface for longer time and in a
wider range of reaction conditions, cobalt oxide catalyst was modified by the addition of
transition metals. In general, this approach is quite common in the research of new catalytic
materials and has been partly exploited also in the case cobalt-based COPrOx catalyst.
However, this thesis is not interested to scan the effect of various metal additives on cobalt,
hereafter called a promoter, in order propose the best combination. This type of research
requires combinatorial tests of maybe hundreds cobalt based catalysts, which focus
exclusively to evaluate the catalytic performance and consider the catalyst as a “black box”.
As mentioned in the introduction part, this thesis focus on the effect of the surface state of the
catalyst and therefore the role of the promoter will be considered in anticipation of its effect
on cobalt oxidation state. This is a new approach to deal with the effect of metal promoters
and it made possible only after the research described in the previous chapter which reveal

the desired cobalt oxidation state for the reaction.

Among the reported cobalt-based catalysts for COPrOx, cobalt modified via addition of
MnOx and CeO2 have shown the most promising catalytic performance.%12300301 Since the
effect of ceria as a source or sink of mobile oxygen is well described and extensively studied
in the literature, it was decided to focus on the effect of the less studied manganese oxide
promoter on cobalt. Several groups have reported that the addition of Mn has a positive effect
on the performance of cobalt catalysts, which is superior to that of other metal promoters for
both CO oxidation!0:83307.308.256,300-306 anq COPrOx reactions.®33%%:31% The positive effect of
manganese is not well understood, but several authors speculate that the existence of MnOx in
Co30; stabilizes the Co®" species on the catalyst surface by facilitating oxidation of Co?" to
Co°%*+ 390308 However, this hypothesis assumes that Co®* sites inside CosO4 are the active sites
for CO oxidation in the presence of Hz, which according to the findings shown in Chapter 3
is inaccurate.3!* This evident contradiction between the spectroscopic findings supported by

DFT calculations presented in Chapter 3, and the common perception in literature, was the
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driving force to investigate the promotional effect of Mn over cobalt for COPrOx in this
chapter. One has to keep also in mind that pure nanostructured MnOyx was proposed to be a
highly active catalysts for CO oxidation.®!2 The following trend for the CO oxidation activity
of various manganese oxidation states oxides (at 523 K) has been reported by Ramesh et
al3® and Wang et al.** : MnO<MnO2<Mn20s. This indicates that the oxidation state of

manganese may also play an essential role for CO conversion.

Understanding the interaction of elements in a hybrid catalyst is of importance for the
catalyst’s development. As discussed in Chapter 1 the oxidation state of manganese and
cobalt during COPrOx is dynamic and their evolution needs to be studied by in situ and
operando analytical techniques. However, to the best of the authors’ knowledge the evolution
of Mn oxidation state in Co-Mn system during the COPrOx has never been studied in detail.
This provides an additional motive for the study of Co-Mn using in situ surface sensitive

methods.

According to literature a certain ratio between Co and Mn seems to be the optimal
composition for CO PrOx. 8:31° Therefore in this work we did not try to optimize the Co-Mn
catalyst composition, but we were focus on the study of the known ratio which has shown the
best activity based in previous reports. 8310 In this chapter, in addition to the conventional ex
situ structural characterization (H2-TPR, XRD, SEM, BET), operando and in situ NAP-XPS
and NEXAFs were applied to investigate the active phase of MnOx-CoOx for COPrOx,
emphasizing to the oxidation state of each component at various reaction conditions.
Moreover, this chapter reports the first study on the evolution of manganese oxidation state

during COPrOx and its effect on CO conversion and selectivity.

4.2 Experimental Methods

4.2.1 Catalysts preparation

In the attempt to study the promotional effect of Mn on CoO phase, commercially
available cobalt monoxide nanoparticles (CoO, 99.99%, Sigma Aldrich CAS# 1307-96-6) are
used in this chapter. These particles were used as catalysts in their in pure form (CoOx), or as
a support for the synthesis of Co-Mn catalysts (CosMnOx). The CosMnOy catalyst was
synthesized by incipient wetness impregnation method. In details, 0.5025g of Manganese(ll)
nitrate tetrahydrate (Mn(NO3)2.4H,0) was dissolved in 0.317g of water. The obtained
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solution was added into 1.2 g of the commercial CoO nanoparticles and the obtained mixture
was dried in air at 120 °C for 12 h. The dry product was subsequently calcined in air at 400°C
for 3h. The chosen atomic ratio of Co/Mn was 8/1, which, as mentioned above, has been
reported to be the best atomic ratio for a Co-Mn PrOx catalyst.3®® The same synthesis method
was also used for the preparation of the CoMngOx catalyst (the atomic ratio of Co/Mn was 1/8
in this case). However, in this catalyst the Mn3Os particles were acting as support and were
impregnated with cobalt-containing solution. In particular, 1.83 g of commercial Mn3O4 was
impregnated with an aqueous solution of 0.582g of Co(NO3z)2.6H20 solved in 0.144 g of
water. Then the mixture was firstly dried for 12 h at 120 °C and subsequently calcined in air
for 3 h at 400 °C. The calculated atomic ratio of Co/Mn is 1/8.

4.2.2 Catalytic evaluation

The catalytic oxidation of CO in the presence of H, (COPrOx) was performed in a fully
automated fixed-bed flow reactor (CETRIB SARL, Andlau, France).?! 50 mg of the catalytic
powder was introduced in a Pyrex glass tube (i.d. 10 mm) and dispersed evenly on a P3 glass
frit (16-40 um). Average thickness of the catalytic bed was about 1 mm. The glass reactor
was then introduced in a tubular oven with the catalyst bed located in the isothermal zone.
Gas mixtures were generated using calibrated (Serv’s Instrumentation) mass flow controllers
from Bronkhorst. The COPrOx gas mixture was composed of 1% CO, 1% O, 50% H:
balanced in helium. Please note that the concentration of Oz in the mixture is half as
compared to the experiments described in Chapter 3. The reactants feed was introduced in
reactor at a total flow rate of 50 mL/min (1 atm, GHSV ~ 7,500 h™!). The temperature
(reaction temperature) was monitored by a type K thermocouple plunged inside the catalytic
bed.

Prior to each test, the pre-reduced catalyst was reduced once again this time in situ, by
using the following protocol: heating at 400°C for 30 min in 100% H> (50 mL/min) with a
ramping rate of 10°C/min and cooling back down to 30°C . The residual oxygen content of
the gas phase was below 100 ppm. For light-off tests, the catalyst was heated under the
COPrOx mixture at 50, 100, 150, 200, 250, 300 and 350°C using a ramp of 10°C/min and
dwells of 30 min at each temperature. For COPrOx stability tests, the catalyst was heated at
250°C then 300°C (10°C/min) and finally back to 250°C again. The catalyst was held at each
temperature for 2.5 h.
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The CO and O conversions (Xco(%)) and Oz (Xo2(%)) are calculated as follows:

ACO,EO""C - ACO,T

XCO,T (%) — X 100
ACO,30°C
A o — A
XOZ’T (%) _ 02,30°C 02T x 100
A02,30°C
Where

Aco,3°c and Aozzo°c are the areas of the corresponding GC peaks at 30°C (no reaction,
hence proportional to the concentration of each gas in the unreacted feed). Aco and Aoz tare
the areas of the corresponding GC peaks at a given reaction temperature (proportional to the

concentration of each gas at the outlet).
Selectivity of Oz towards CO conversion (Scoz) is calculated as follows:

1 A oc — A
Sconr (%) = = x €0,30°C €T 100

2 A02,30°C - AOZ,T

where RFco, RFo2 are the response factors of the corresponding gases determined by

external calibration.
4.2.3  Structural and morphological characterization

Temperature-programmed reduction with hydrogen (TPR-H>) of catalyst was performed by
means of an automated catalyst characterization system (Micromeritics, model AutoChem I1),
which incorporates a thermal conductivity detector (TCD). 50 mg of sample was loaded in a
U tube and heated by 5 °C/min under 10ml/min of 10% H; in Ar. Ex situ XRD patterns were
collected on a Bruker D8 advance diffractometer using Cu Ka radiation. The crystallite size
of cobalt phase was calculated according to the line broadening of the most intense
reflections using the Scherrer equation.'®> The BET surface area of each sample was
monitored by physical adsorption of N> method. Samples were degassed at 200 °C for 5 h
before launching the adsorption-desorption of N2. The specific surface areas were calculated
according to the Brunauer—Emmett—Teller (BET) method using data points in the relative

pressure (p/p0) range of 0.05—0.35. The morphology of spent and fresh catalysts was
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examined by a Zeiss GeminiSEM 500 SEM microscope, combining with energy dispersive

X-ray spectroscopy (EDX) to study the distribution of elements on surface.
4.2.4  Synchrotron-based in situ spectroscopic study

In order to investigate the interaction among Co, Mn and the reaction environment,
synchrotron-based in situ spectroscopy of NAP-XPS and NEXAFs were performed on CAT
beamline based on BESSY Il synchrotron facility in Berlin, Germany. Two catalysts (pure
CoOx and CosMnOy) were examined under identical conditions in a comparative basis. The
powder catalysts were pressed into pellets and mounted on the sample holder using a stainless
steel mask. The heating was done from the back side by an IR laser. The temperature was
measured by a K-type thermocouple contacted on the sample surface. The gas flow was
monitored via 4 calibrated mass flow controllers. The total flow rate for these experiments
was kept constant at 15 ml/min. Please note that this flow is half of the one used in the
synchrotron experiments related to cobalt-vanadium catalyst which will be discussed in
Chapter 5 below (30 ml/min in this case). The NAP-XPS spectra of Co 2p, Mn 2p, O 1s and
C 1s were collected under gas environment at 0.5 mbar total pressure. Quantitative analysis
of elements was performed using normalized intensities, taking into account the photon flux
and the photon-energy dependence of the atomic subshell photoionization cross sections.?!
The deconvolution of spectra was based on the literature reference and experimental
reference spectra. The adsorption spectra of Co Lz-edge and Mn Lsz-edge were measured on

total electron yield mode.
4.25 Operando NAP-XPS study using a conventional X-ray source

An operando NAP-XPS study of pure CoOx, CosMnOx and CoMngOx catalysts under the
reaction conditions was performed at Charles University in Prague, Czech Republic. The
experiments were carried out on a photoelectron spectrometer (SPECS Surface Nano
Analysis GmbH, Germany) which is equipped with a PHOIBOS-150 multichannel
hemispherical electron energy analyzer coupled with a differentially pumped electrostatic
pre-lens system. Spectra were obtained using the monochromatized Al Ko X-ray source
(1486.6 eV). The powder of fresh as-synthesized catalysts was pressed to pellets and fixed on
the sample holder using a stainless-steel mask with a window. The thermocouple was welded

on the mask at the side which was in contact with the sample surface. The catalyst was
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investigated in flows of pure CO, pure O2 and Hz with the CO:02:H> molar ratios of 1: 1: 98.
Before introduction of the COPrOx gases, the sample was pre-reduced in 1 mbar of hydrogen
at 400°C for about 2 hours. After cooling down to 50 °C, 1 mbar of the aforementioned
COPrOx mixture was introduced into the NAP-XPS cell. During the pretreatment and
reaction, after arriving at certain target temperature and stabilizing at least 30 min, the XPS
spectra were collected. To follow the change of concentrations of the reagents and products
with temperature increase the gas mixture in the cell was simultaneously monitored by mass

spectrometry (Prisma Pro, Pfeiffer Vacuum, Germany).
4.3 Experimental Results

4.3.1 Textural and morphological properties of CoOx/MnOx

Prior to the operando experiments, the three catalysts were characterized through standard
analytical methods. The BET specific surface area of the materials was determined by N>
physisorption measurements. As suggested by the results presented in Table 4-1, the parent
Co0 nanoparticles have relatively low surface area of about 10 m?/g, which further decreased
to extreme low surface area of 1.4 m?/g due to severe agglomeration caused by the reduction
at 400°C. The addition of Mn to pure Co (CogsMnOx) led to a small decrease of the surface
area after calcination of about 10%, however, it limits the agglomeration degree of cobalt
particles during reduction pretreatment. In particular the surface area decreases from 9 to
6m?/g in case of CosMnOx which is considerably better as compared to the decrease in pure
cobalt from 10 to 1.4 m?g. In the case of the CoMnsOx catalyst, the surface area is
significantly lower than that of other two catalysts, which is due to the low porosity of
parental manganese oxide (Mn3QO4) used for the sample preparation. Surprisingly, contrary to
the other samples the surface area of CoMngOy increased from 3 to 8 m?/g after the reduction
pretreatment. The reason of this increase is not clear yet, but it might be ascribed to
introduction of cobalt from the solution into the grain boundaries of the agglomerated parent
Mn304 particles during the H pretreatment which changes the CoMngOx particles size.

The crystalline nature of the three catalysts was assessed by X-Ray Diffraction. The
diffractions patterns of the catalysts recorded before (fresh) and after reduction are presented
in Figure 4-1. The XRD patterns of fresh CoOx correspond to the single CoO phase (JCPDS
03-065-2902), while two types of the metallic cobalt phases including the cubic phase with
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the strong diffraction peaks (face-centered cubic (FCC); JCPDS 15-0806) and the hexagonal
phase with the weak diffraction peaks (hexagonal close-packed (HCP);JCPDS 05-0727) were

observed after reduction.3®

Table 4-1. Textural parameters of fresh and reduced Co-based catalysts.

Seer(m? g-1) Crystallite size® (nm)

Catalyst
Reduced Reduced
CoOx 1.4 32.7 (Co9)
CosMnOy 6.5 26.8 (CoY), 23.2 (MnO)
CoMngOy 8.5 23.0 (MnO)
a.  The crystallite size of each dominated phase was estimated from the
Scherrer’s equation applied to the most intense diffraction peak.

The increase of crystallite size of metallic cobalt may be attributed to the migration and
growth of cobalt during the heating at 400 °C. The growth of metallic cobalt nanoparticles is
limited by the addition of Mn, thus leading a smaller crystallite size of Ca® in CosMnOx
sample. This could be responsible for the higher surface area of CosMnOx than that of pure

CoOxy after reduction pretreatment.
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Figure 4-1. XRD profiles of the fresh and reduced CoOy, CosMnOy and CoMngOx catalysts.

As far as the fresh CosMnOx is concerned, all the observed peaks are attributed to Co304
(JCPDS 03-065-3103). No traces of Mn-containing phases are distinguished in the fresh
CosMnOy sample, which can be due to various factors, such as low crystallinity, low content,
or high dispersion. However, after reduction, the diffraction patterns confirm the presence of
small amounts of MnO in addition to metallic cobalt. On the as-synthesized CoMngOx sample,
the most intense peaks are characteristic of hausmannite phase (Mn304, JCPDS 01-089-4837)
while small peaks indicate the presence of ramsdellite (MnO2, JCPDS 01-073-1539). No
traces of Co-containing phases are clearly observed, as the peaks resulting from the probable
presence of Coz0s-like phases are of low intensity and close in position to the peaks from
Mn3O4. After reduction, only characteristic peaks of MnO phase (JCPDS ) are observed,
which implies a total reduction of MnO, and MnzO4 phases.

Pure Co, CogMnOyx and CoMngOx catalysts were further examined by SEM (Figure 4-2).
Both fresh catalysts display particles ranged between 50 and 200 nm wide (Figure 4-2a and
b). A Mn/Co ratio of around 1/10 is observed by EDS to the overall surface (see example in

Figure 4-3a), which is close to the nominal value (0.125) used during synthesis. After
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reduction at 400 °C (Figure 4-2c and d), the particle size of both catalysts significantly
increased. The images recorded after reduction of CogMnOx clearly evidence a sintering

process, with a rougher surface as compared to its previous form.

(¢) Fresh CogMnOx N . (€) Fresh CoMngOx

Figure 4-2. SEM micrographs of the fresh CoOx (a), reduced CoOx(b), CosMnOx (c), reduced
CogMnOx (d), CoMngOx(e) and reduced CoMngOXx(f).

Interestingly, EDS analysis of several spots of the catalyst particles revealed important
differences in the surface composition with Mn/Co ratios not only close to the nominal value
but also significantly higher, up to 1/1.4 (Figure 4-3b). This implies the formation of Mn-rich
areas on several parts of the surface. In addition, these high ratios are always accompanied by
an important oxygen content. Regarding these results, it is assumed that isolated MnOx areas

are present on the surface of the reduced CogMnOy sample.
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(a) Fresh CogMnOXx

Area 1 Area 2 Area 3 Spot 1 Spot 2
OK 29.7 53 13.7 55.1 56.2
MnK 6.5 4.5 7.7 3.3 33
CoK 63.8 414 78.2 39 39.7
Mn/Co 0.10 0.11 0.10 0.08 0.08
O/(Co+Mn) 0.4 1.2 0.2 1:3 13

(b) reduced CogMnOXx

Spot1 Spot2 Spot3 Spot4 Spot5 Spot6
OK 35.3 13.6 12.5 321 23.2 25
MnK 21.2 8.6 10 19.6 7.9 7.2
CoK 30.1 75.3 76.7 413 63.2 60.7
Mn/Co 0.70 0.11 0.13 0.47 0.13 0.12
O/(Co+Mn) 0.7 0.2 0.1 0.5 0.3 04

Figure 4-3. EDS analyses of several spots and areas of the surface of (a) fresh and (b) reduced
CosMnOy

H>-TPR measurements were conducted with the aim to compare the reducibility in the bulk
of each catalyst. Figure 4-4 shows the corresponding TPR profiles of the pure Co and the two
Co-Mn catalysts. On calcined pure CoOx sample two main peaks are observed: one relatively
sharp at 275 °C and a broader one centered around 365 °C. The two peaks are usually
attributed to the progressive reduction of CozO4 via a two-step reduction process (Eq. 4-1
and 4-2):

C0304 + H2 — 3Co0O + H20 Eq. 4-1
CoO + H2 — Co + H20 Eqg. 4-2

The TPR profiles of Co-Mn catalysts are more complex. On the Mn-rich catalyst
(CoMngOy) the TPR profile is dominated by progressive reduction of manganese oxide
(MnO; — Mn304 — MnO) in accordance with literature reports.31*!8 In particular, the peaks
at 270 °C and 440 °C correspond to MnO; and Mn3zO4 reduction respectively. Note that the
reduction peaks of cobalt oxides are not clearly evidenced due to the relatively low amount of
cobalt and the strong overlapping between its reduction peaks with these of the manganese
oxides. However, a broad peak is observed at the high temperature region (near 550 °C)

which cannot be attributed to neither of the single MnOx or CoOx phases and may be caused
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by synergetic interactions between Mn and Co species.
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Figure 4-4. H,-TPR profiles of calcined pure CoOx (—), CosMnOy (—) andCoMngOx (—).

This assignment is also supported by the TPR profile of the CogMnOy catalyst showing a
clear shift of the reduction peaks to the high-temperature region, the more intense of which is
being centered at around 500 °C. As stated in the literature,318-32! this shift can be caused by
the formation of a CosxMnxOs-type solid solution upon calcination. This statement is
supported by the fact that, according to the phase diagram of Co-Mn-O system,%?? binary
Co-Mn oxides, such as Co2MnO4 for example, can be formed at temperatures as low as
300 °C. Indeed, Co-Mn oxides of different compositions can be prepared at this temperature,
by several methods such as by thermal decomposition of Mn and Co nitrate salts,3?3%* or
carbonates.®® The thermal conditions leading to these binary oxides are similar to the
conditions in which the Co-Mn catalysts has been treated in this study, suggesting that
formation of a mixed CoxMnyO; phase in the bulk is feasible. However, the low concentration
of Mn as compared to Co (1:8) and the absence of any relevant diffraction lines in the XRD

data do not provide any indication to support the formation of an extended mixed Co-Mn

phase out the catalysts.
4.3.2 The COPrOKx reactivity of reduced CoOx/MnOx at atmospheric
pressure

The COPrOx reactivity of the three catalysts was evaluated after a H reducing
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pretreatment. The CO conversion and the selectivity towards CO> are shown in Figure 4-5 a
and b respectively. As expected, the CO conversion (Xco) increases with temperature, with
the CosMnOx catalyst showing a systematically higher activity at all temperatures than the
other two samples. Notably, at low temperature the CogMnOx catalyst is significantly more
active than the other two. For instance, 80% of CO was converted over CosMnOx at 200 °C

while only 50 and 20% were reached over pure CoOx and CoMngOx, respectively.
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Figure 4-5. COPrOXx activity tests. (a) CO conversion, (b) CO; selectivity and (c) O, conversion
vs temperature, over pure Co (o), CosMnOy (o) and CoMnsOy (@) catalysts. Experimental
conditions: 1% CO, 1% O, and 50% H: in He-balanced flow; 0.05 g of catalyst; 50 mL min™ of
total flow; atmospheric pressure (1 bar). Every point was recorded after remaining for 30 min
at each temperature.

The CO> selectivity demonstrates the O> consumption for CO oxidation to CO, while the
O2 conversion represents the consumption of O for both CO and H2 oxidation. As shown in
Figure 4-5(c), the O2 conversion starts below 100 °C over cobalt-rich catalysts, with almost
no CO conversion (Figure 4-5c¢) at this temperature range, and therefore lower CO>
selectivity. However, from 150 °C, CO conversion and CO; selectivity increase over these
two catalysts which implies that at this temperature the conditions are optimal for conversion
of CO to CO.,. However, as the temperature increase to 200 °C and above the CO: selectivity
decrease again which signifies that a large part of O, consumption is used for reactions other
than CO oxidation.

CO oxidation: CO + O — CO2 Eq.4-5

H> oxidation: H> + O2 — H20 Eqg. 4-6
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The O2 consumption below 150°C indicated that except from the CO oxidation (Eq. 4-5)
other oxidation reactions were carrying on at this temperature region. The possible oxidation
reactions can be ascribed to catalytic H, oxidation (Eq. 4-6) and the oxidation of pre-reduced
cobalt catalyst to cobalt oxide, as revealed by in situ measurements in Chapter 3.
Interestingly, both CO and O conversions were almost zero for Mn-rich catalyst until 100°C.
Therefore, its CO> selectivity is equal to 100% below 150 °C. However, CO. selectively over
the Mn-rich catalyst is up to three times lower than on the Co-rich catalysts while O2 is 100%
consumed above 200°C, indicating more Oz was consumed by Ha oxidation and/or oxidation
of catalyst over Mn-rich catalyst. Unfortunately, the H. oxidation was not able to be
quantified based on GC analysis. Thus, to further understand the role of Mn for COPrOXx,
operando experiments which can simultaneously analyse all the reactions products (especially
H>0) and catalyst oxidation behaviour were performed.

4.3.3 In situ surface characterization of the Co-Mn interaction by
NAP-XPS and NEXAFS

The section above shows that Mn addition improves the activity and CO> selectivity for
COPrOx reaction. It was also evident that Mn acts as a promoter of cobalt in this reaction and
it is not a good COPrOx catalyst itself, since high Mn loading (i.e. the CoMngOx catalyst)
reduces the activity and the selectivity of the reaction. The H2-TPR profiles shown in Figure
4-4 suggest that the addition of Mn shift the reduction of catalyst at higher temperature.
According to the findings of Chapter 3 the oxidation state of cobalt has a dominant effect on
the catalytic performance, providing in this way a link between the TPR profiles and the
catalytic tests. However, Ho-TPR provides information regarding the reducibility of the
catalyst in the bulk which is not straightforwardly related to the catalytic performance.
Therefore, this paragraph attempts to in situ characterize by NAP-XPS and NEXAFs the
oxidation state and composition at the surface of the Mn promoted cobalt catalyst under
conditions resembling those of the catalytic tests. Since the CogsMnOx catalyst showed clearly
a much better performance than the CoMngOx it is selected for the in situ characterization. In
order to take into account of the possible effect of pressure gap between NAP experiments
and catalytic tests, the in situ results over CogMnOx will be presented in comparison with
pure CoOx catalyst. Please note here that the in situ NAP results over pure CoOx catalyst

presented in this chapter may have certain quantitative differences as compared the results
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included in Chapter 3. This should be expected since different bulk cobalt powders and
reaction conditions were employed in the two chapters (please refer to the experimental
section of the two chapters for details). However as will been shown below the response of
the pure CoOx catalyst in the reaction conditions is qualitatively the same in the two chapters
which is an additional evidence of that the conclusions of chapter 3 describe an intrinsic
characteristic of cobalt surfaces which is independent of the cobalt bulk structure and the

COPrOx reaction conditions.

In order the synchrotron-based NAP-XPS and NEXAFs experiments to be consistent with
the conditions used in the fixed-bed flow reactor catalytic tests shown in the paragraph above,
the gas composition was kept the same in the two experiments (COPrOx feed gas (1% CO,
1%0,, 50% H. in He). These reaction conditions are different from those employed in
chapter 3 (no He gas in that case) and notably are not the optimal in order to detect changes
in the gas atmosphere of the NAP-XPS cell/reactor. In other words, even if the CO, CO, H20
and Oy signals were monitored by MS and GC during these experiments not significantly
changes could be detected in the gas phase under reaction conditions. Therefore, gas phase
analysis results from NAP-XPS chamber will not further discussed and the results of the
catalytic tests will be used as indicator of the reactivity at each temperature. The stability of Co
and Mn phases and the segregation between two components under COPrOx environment is

predominantly discussed in this section.
4.3.3.1 Comparative analysis of cobalt oxidation state in the two catalysts

Figure 4-6a and b display the Co 2ps> and the Co Ls-edge spectra respectively, recorded
on pure CoOy during the pretreatment in H> and at various COPrOx reaction temperatures. As
presented in Figure 4-6a the catalyst surface was fully reduced to metallic cobalt during the
H. pretreatment, but as the temperature rises in the COPrOx reaction mixture the Co° phase
undergoes progressive oxidation. The evolution of cobalt oxidation state was calculated by
deconvolution of the Co 2p peak using reference spectra and is presented below Figure 4-6a.
When the temperature of the reaction reach 250 °C more than 80% of cobalt is covered to
CoO phase. Then, within a short period of time at 250 °C, CoO undergoes further oxidation
to Co30s and remains practically stable afterwards to a Co030s and CoO mixture
approximately 70/30 ratio.
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Figure 4-6. In situ NAP-XPS and NEXAFS spectra of a) Co 2ps» (hv =1020 eV) and b) Co
Ls-edge recorded on pure Co after H; pretreatment and during COPrOx at various
temperatures. Operating conditions: 0.5 mbar of 1% CO, 1% O, 50% H, and He, from room
temperature to 250 °C. The bar graph at the represents the percentage of each cobalt oxidation
state calculated by deconvolution of the Co 2p peaks shown in figure a.

The Co Ls-edge NEXAFS spectra recorded after 1 and 2 h at 250 °C in the COPrOx
conditions are presented together with reference CoO and Co304 spectra (in green dotted
line)3? in Figure 4-6b. The Co Ls-edge recorded during COPrOx resembles very much the
Co304 reference spectrum displaying a maximum at the photon energy of 780.5 eV and a
shoulder located at 778.5 eV. However, it is noticed that the intensity ratio between these two

peaks is different in comparison to the reference profile. Moreover, a small peak is observed
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at 777.5 eV and overlaps the peak at 778.5 eV. This peak is attributed to the presence of the
cubic rock salt CoO phase with Co?* in octahedral position (On, see the reference in green
dotted line).3!* Consequently, NAP-XPS and NEXAFS lead to similar conclusions, which is
to say that at 250 °C in the COPrOx mixture the surface of pure CoOx catalyst is composed of

a mixture between Co304 and CoO species.

Relevant in situ spectroscopic measurements were also performed in the case of CogMnOx
catalyst. The evolution of the Co 2ps/» peaks during heating in the COPrOx mixture at 250 °C
and 350 °C as well as the cobalt oxidation state derived by spectra deconvolution are shown
in Figure 4-7a. The CogMnOx catalyst oxidation state is similar to that of the CoOx presented
above, however comparison between the bar graphs in Figure 4-7 and Figure 4-6 indicates
some evident differences. In particular, at 250 °C higher amount of the CoO phase is
observed for CosMnOx catalyst as compared to CoOx. In addition, it is more difficult to
reduce CosMnOx in Hz (a small amount of CoO persists even if the H, treatment for this
catalyst even if the duration of the reduction treatment was 2 hours instead of 1 hour for
CoOy) while during the temperature ramping in COPrOx mixture relatively higher amount of
CoO is found for CosMnOx.

Similar conclusions can be also drawn by the NEXAFS spectra shown in Figure 4-7b. A
simple comparison with the reference NEXAFS spectra included in the figure shows that at
250 °C the Co Ls-edge of CosMnOx resemble the characteristic peak profile of CozO4, while
at 350 °C the peak shape is modified indicating a mixture of CoO-Co03Q4, in full accordance
with the NAP-XPS results.

After reaction at 250 °C, the COPrOx reaction temperature of CosMnOy catalyst was
raised to 350 °C and the surface stability was examined. As shown in Figure 4-7, heating at
350 °C led to significant modifications in the cobalt oxidation state. In particular, after 30 min
at this temperature the metallic Co reappears in the spectrum in the expense of Co304, while
longer reaction times at 350 °C (about 1 h) favors progressive re-oxidation to CozOas. Notably,
the CoO is not considerably influenced by the reaction temperature and remains around 50%

at 350 °C which is very similar to what was observed for the reaction at 250 °C.
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Figure 4-7. In situ NAP-XPS and NEXAFS spectra of a) Co 2ps. (hv = 1020 eV) and b)Co
Ls-edge recorded on CosMnOy at room temperature, in H, pretreatment and during COPrOXx at
various temperatures. Operating conditions: 0.5 mbar of 1% CO, 1% O, 50% H; and He, from
room temperature to 250 °C and 350 °C. The bar graph at the represents the percentage of each

cobalt oxidation state calculated by deconvolution of the Co 2p peaks shown in figure a.
Interestingly, comparison of the Co 2ps;> spectra of CosMnOx and CoOx samples in the
case that Co?* is the dominant oxidation state (see Figure 4-8) do not show any evident
difference in the shake-up satellite position (peak around 786.8 eV). According to previous
studies the shift of the Co 2p satellite is an indicator of mixed Mn-Co oxide formation.
Besides, no clear differences are observed on the Co L-edge NEXAFS spectra of the two

samples. Therefore the spectroscopic results do not provide any evidence for the formation of
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a mixed Co-Mn oxide phase on the surface of the catalyst. Of course mixed Co-Mn oxides
can have very similar CosMnOy spectra to pure cobalt oxides, as already observed elsewhere
for CoxMn3.x04 %" Of course on should take into account that numerous cobalt oxide phases
may co-exist having possibly spectra which overlap to each other. This hampers the
observation of small differences in the Co 2p peaks, therefore one cannot completely exclude
their presence on the surface of the CosMnOx. However, it is clear that in the present study

both XPS and XRD results fail to give any evidence in this direction.
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Figure 4-8. Comparison of NAP-XPS Co 2p spectra recorded over CoOx and CosMnOy catalysts
(hv=1020 eV) under conditions where CoO is dominant. The almost identical peak profiles do
not support the possibility of a mixed Co-Mn phase formation over CosMnOy catalysts.

4.3.3.2 Analysis of the Mn surface oxidation state and composition

The modification of manganese oxidation state at the different stages of the reaction is
discussed next. The NAP-XPS Mn 2ps2 (a) and NEXAFS Mn Ls-edge (b) spectra are shown
in Figure 4-9. Since Mn possess numerous oxidation states having binding energies possibly
overlapping, the deconvolution of the Mn 2ps2 spectrum turns out to be very complex. In
accordance with several works devoted to Mn curve fitting,*?2=3% two different chemical
states were noticed on both Mn-promoted Co catalysts in these operating conditions. An

asymmetric peak at 640.5 eV is attributed to Mn?* in MnO phase, while a second at 641.5 eV
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is attributed to Mn** in Mn,Os. Although the variation of their binding energies is too narrow,
an intense shake-up satellite at 647.5 eV attributed to MnO allows to deconvolute the peaks,
with quite high certainty. Note that, when possible, these attributions were also confirmed by
the comparison between XPS and NEXAFS profiles.

a) NAP-XPS Mn 2p,, b) NEXAFS Mn L-edge
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Figure 4-9. In situ NAP-XPS and NEXAFS spectra of a) Mn 2ps, (hv = 880 eV) and b) Mn
Ls-edge recorded on CosMnOx at room temperature, after H, pretreatment and during
COProOx at various temperatures. Operating conditions: 0.5 mbar of 1% CO, 1% O,, 50% H,
and He, from room temperature to 250 °C and 350 °C. The bar graph at the represents the
percentage of each Mn oxidation state calculated by deconvolution of the Mn 2p peaks shown in
figure a.

The Mn 2ps/2 spectrum of the fresh CogsMnOx sample, corresponds to Mn in the 3+ and 4+
oxidation states (MnOs and MnO,, respectively). The presence of the MnO, phase is
characterized by a shift of the Mn 2pz. peak to the higher BE, with the presence of an
asymmetric peak located at 642.5 eV.3!3 This presence was comforted to the analysis of the
NEXAFS spectrum of the fresh sample, with a maximum situated at the 643.7 eV photon

energy.>3! After the pretreatment under Ho, the surface was fully covered by Mn?*, as
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evidenced by the similarities between the NEXAFS spectrum and the MnO reference (green
dotted line). Mn?* was progressively oxidized to Mn** during the heating step to 250 °C. At
350 °C, the surface was composed of a mixture of MnO and Mn20s, confirmed by the
appearance of a peak at the photon energy of 640.5 eV on the corresponding NEXAFS

spectrum.

It is worth noting that given the possibility that Mn oxides might be reduced by the
synchrotron radiation, two NEXAFS spectra have been recorded at 250 °C at different time
scale of the experiment (not shown). The spectra were identical, which implies that the
degree of oxidation of Mn was not affected by the continuous exposure to the powerful X-ray

beam.

Overall, the analysis of the Mn spectra shows that MnO is formed on the catalyst during
the initial reduction step, but this is gradually oxidized in COPrOx reaction conditions. The
Mn20Os3 is the dominant oxidation state of manganese for at 250 °C, while at 350 °C
undergoes partial reduction back to Mn20s. Please note that this redox behavior is similar to
the one observed for cobalt (oxidation up to 250 °C and partial reduction at higher
temperature).

4.3.3.3 Investigation of spatial distribution of Mn over Co

The Mn/(Mn+Co) atomic ratio (at. %Mn) was calculated based on Mn 2p and Co 2p spectra
recorded using different photon energies so as the information depth to be the same in each set
of Mn 2p and Co 2p spectra. Four excitation photon energies, corresponding to two analysis
depths (or information depths) were used in these measurements. Al the values can be found in
Table 4-2.
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Table 4-2. Measurements conditions of Co 2p and Mn 2p spectra used for the depth dependent
NAP-XPS measurements.

Photon Spectrum _ Photoelectron IMEP2 (nm) Informati(;n
energy (eV) recorded kinetic energy (eV) depth (nm)
1340 Co2p 550 é‘oiég‘” 3.7
1200 Mn 2p 550 ,\}l'sj)gor 4.0
1020 Co2p 230 0.71 2.1
880 Mn 2p 230 0.77 2.3

a. IMFP refers to the Inelastic Mean Free Path and its calculation was done by using the
QUASES-IMFP-TPP2M software. 3%
b. Calculated as 3 times of the IMFP

The evolution of at. %Mn at various reaction conditions is shown in the bar graph of Figure
4-10. It is clear that at for all the examined temperatures the surface concentration of Mn is
much higher of the nominal one (about 11%) which indicates that Mn is located primarily on
the surface of cobalt and the two materials do not form an extensive mixed oxide phase, in
agreement with the XRD results shown in Figure 4-1. A significant drop of %Mn is observed
at 250 °C in the COPrOXx, while at 350 °C the %Mn increases again close to the initial values.
Comparison of %Mn with the Mn oxidation state shown in Figure 4-9 suggests that the higher
surface dispersion of Mn (i.e. higher %Mn) is correlated with the appearance of MnO phase
and vice versa for the Mn2Os. Finally, the %Mn is systematically lower at the most surface
sensitive analysis depth (around 2.2 nm) which confirms that Mn is mainly segregated on the

surface over cobalt and the two materials do not form an extensive mixed oxide.
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Figure 4-10. The evolution of at. % Mn at various reaction conditions calculated by the Mn 2p
and Co 2p NAP-XPS spectra. The analysis depth is estimated 2.2 £0.1 nm

The discussion about %Mn surface distribution makes evident that surface composition may
adapt to the reaction conditions. It also gives a lead that Mn oxidation state might be the driving
force for the observed changes in the composition. In addition to that, the EDX analysis
showed in Figure 4-3 implies that the surface of the CosMnOx catalyst is not homogenous but
there are areas on the surface where Mn concentration is higher than others. The surface area
analyzed by the employed NAP-XPS instrument is largely defined by the spot size of the
incident X-ray beam. Under the employed measurement conditions the X-ray spot on the
sample is a parallelogram with dimensions 180x10 pum? (as we have worked with the 1 mm
nozzle on the analyzer lenses, the spot intensity profile in the horizontal dimension is smeared
out so not all parts of the spot contribute the overall XPS signal, therefore the 180 um is

probably overestimated and the real size is even smaller).

Here we use the surface inhomogeneity of the catalyst in order to obtain detail information
about the effect of Mn on the oxidation state of cobalt. In particular, the NAP-XPS spectra were
collected in two different spots of the same catalyst pellet while keeping the sample at the same
reaction conditions (250 °C in COPrOx). This is possible by shifting the sample lateral position
in respect to the analyzer. In this way we could directly correlate the oxidation state of cobalt in
areas that are rich and poor in Mn and draw conclusions about possible effect of Mn in the

redox stability of cobalt oxides. We chose two characteristic analysis spots on the surface, one
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with high Mn concentration (spot 1) and a second with low Mn concentration (spot 2), depicted
schematically in Figure 4-11. As mentioned, both measurements were performed at 250 °C in
COPrOx mixture.

As shown in Figure 4-11 the Co 2p peaks in the two cases are different. After the Co 2p peak
deconvolution it becomes evident that CoO is more pronounced in areas that contain more Mn
(spot 1), while Co3O4 prevails in areas dominated by cobalt (spot 2). In particular the
C00:Co0304 from 44:56 in Mn-rich areas drops to 30:70 in Co-rich areas of the catalyst. Please
note that the 30:70 is very close to what was observed for the parent pure Co catalyst. The
C00:C0304 ratio in the two spots is practically the same for the two analysis depths, which
means that there is no depth distribution between CoO and Co304 and the two oxides.
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Figure 4-11. The Co 2p spectra recorded over two different areas (spots) of CosMnOx catalyst
under identical COPrOx reaction conditions. Each Co 2p peak was deconvoluted into CoO
(dark purple peak) and Co (light purple peak) components. The bar in the right part of each
figure shows the at. % Mn calculated by the Mn 2p and Co 2p peaks recorded at each spot. A
schematic representation of the expected morphology in each spot based on the % Mn is
included at the top-left of each figure.

The correlation between Mn and high CoO concentration indicates that the addition of Mn
stabilizes the CoO phase at conditions that the pure cobalt catalysts tents to oxidize to C0304

(see also Figure 4-6). This is also confirmed when the sample is heated at higher temperature
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(350 °C). In this case the part of the catalyst which is not in contact with Mn is transformed to
Co and Co0304, while the part in contact with Mn remains as CoO. As it will be shown in
Chapter 5, at similar reaction conditions (i.e. at 350 °C) pure cobalt catalysts form a mixture of
Co® and Co304 without being able to preserve the CoO phase.

The effect of Mn to stabilize the CoO phase can be used to explain the higher activity of the
CosMnOx catalyst as compared to pure cobalt. Taking into account the results presented in
Chapter 3 the stability of the CoO phase should give more active COPrOx catalysts. However,
the evident inhomogeneity on the surface concerning the Mn distribution means that there are
areas on the surface that cobalt is most probably not in contact with Mn. These areas are
expected to preserve the redox properties of the parent material, in other words of pure cobalt
particles (i.e. CoOx), therefore at low COPrOx reaction temperature are prone to oxidation to

Co304 and at higher to reduction towards Co°.

4.3.4  Operando NAP-XPS measurements to reveal the effect of Mn on

the selectivity

We have shown above that Mn can help to stabilize the CoO phase, at least partially, with
beneficial effect on the catalytic activity. Unfortunately, since cobalt for both pure CoOy and
CosMnOx catalysts was in a mixed CoO/Co304 oxidation state, it is difficult to draw
conclusions about the effect of Mn in the selectivity. We recall here that the desired product of
COPrOx reaction is CO», but there are two other byproducts of the reaction, namely H>O and
CHa, which should be avoided since consume valuable H,. Therefore, a highly selective

COPrOx catalyst should boost the production of CO2 and minimize those of H>O and CHa.

In Chapter 3 it was shown that the flow of the COPrOx gas mixture can influence the cobalt
oxidation state in a way that the higher the flow of the reactants the more oxidized the cobalt
surfaces will be. This observation implies that by carefully controlling the flow one can
maintain the CoO phase over pure CoOx catalyst during reaction, at least for time periods long
enough to obtain spectroscopic and catalytic data. In this paragraph the reaction conditions
were adapted in order to maintain the CoO phase for longer periods and to be able to study the
material by in situ spectroscopy. In particular, the flow of the reactants was lower (the exact
value was unfortunately not possible to define) and inert gas wasn’t inserted in the feed, so H»

was 98% instead of 50% in the previous experiment discussed in paragraph 4.3.3. These two
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modifications gave a relatively stable CoO phase for both catalysts during NAP-XPS tests as
will be shown below. In addition to that, as discussed above, in the Hz pretreatment the
reduction of CogMnOx is not complete therefore this catalyst was more oxidized already from
the initially reaction temperatures.

Spectroscopic results

The three catalysts (Co, CosMnOyx and CoMngOx) that were evaluated for their catalytic
activity in paragraph 4.3.2, are analyzed here by NAP-XPS under COPrOx reaction
conditions. Prior to the activity tests, the samples were reduced in the NAP-XPS chamber
under 1 mbar of Hz at 400 °C for 1 h. The reaction conditions were: i) reaction mixture: 1%
CO, 1% O, and 98% H,, ii) temperature range: 50 and 300 °C, iii) heating rate: 10 °C.mint
and iv) total pressure 1 mbar. Figure 4-12 displays the Co 2pz;, peaks of the three catalysts
recorded in COPrOx conditions at 3 characteristic temperatures. Please note, that after a
reducing pretreatment at 400 °C the surface of pure CoOx was fully reduced to Co° as was
evident by the intense peak at 778.4 eV>* while the Mn-based catalysts remained as CoO
indicated by the broad peak at 780.6 eV and a shake-up satellite at 786.3 eV, characteristic of
Co?* 1% (for brevity these data were not included in Figure 4-12). This difference is
consistent with the findings of TPR and synchrotron-based NAP-XPS experiments showing
that the addition of Mn prevents the reduction of CoO at conditions where pure CoOx is

promptly reduced.

Under COPrOx mixture the pure CoOx undergoes progressive oxidation, while over
CosMnOx and CoMngOx catalysts the CoO phase remains stable. It is worth noting that under
the employed reaction conditions cobalt it is not oxidized to Co3O4 phase even up to 300°C.
As mentioned above, the oxidation of CoO to Co03Os might be inhibited by the high
consumption of O at higher temperature and/or the highly reductive feed gas composition we
used here, which is 1%CO, 1%0; and 98%H>. This assumption will confirmed later in the

text, in the presentation of the on line mass spectrometry data from the cell.
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Figure 4-12. In situ NAP-XPS spectra of Co 2ps on (a) pure CoOx, (b) CosMnOx and(c)
CoMngOx recorded during COPrOx at various temperatures. Distribution of cobalt species
resulting from Co 2ps, deconvolution. Operating conditions: 1 mbar of 1% CO, 1% O, and

98% H,, from room temperature to 300 °C.

The evolution of the Mn oxidation was studied by analysis of the Mn 2p3z, peak (Figure
4-13). Note that owing to the superimposition of the peaks corresponding to each Mn phase it
is challenging to distinguish minor differences in the oxidation state. However, by
superimposing two Mn 2pz» spectra small differences can be distinguished due to the
differences in the position and the width (of about 0.2-0.3 eV) of the various manganese
oxidation state peaks.®!’ After the H, pretreatment, manganese is in a mixed Mn?*/Mn3* state
for both samples, while in COPrOx mixture Mn?* is gradually oxidized to Mn®* phase. In
comparison, manganese is more oxidized in the Mn-richer catalyst as shown by the relatively
higher amount of Mn3* over CoMngOx. Overall, for both samples, the results evidenced a

progressive oxidation of manganese ( 2MnO + 1/20, — Mn203) between 200 and 300 °C.
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Figure 4-13. In situ NAP-XPS spectra of Mn 2ps on (a) CosMnOx and (b) CoMngOx recorded
after H, pretreatment during COPrOx at various temperatures. Distribution of manganese
species resulting from Mn 2ps, deconvolution. Operating conditions: 1 mbar of 1% CO, 1% O,
and 98% H,, from room temperature to 300 °C.

The Mn 2p peak profile between synchrotron and laboratory based NAP-XPS apparatuses
was very similar (see Figure 4-14) which validate the utilization of the same deconvolution
procedure of the Mn 2ps spectra in the two experiments. In this way, any error in the
estimation of the relative amount of the Mn?* and Mn®" derived by the employed Mn 2p peak

profiles of two oxides, should be systematic and the same in the two experiments.
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Figure 4-14. Comparison of NAP-XPS Mn 2p spectra recorded over CosMnOy catalysts using
synchrotron radiation (hv=880 eV) and a laboratory monochromatic AlKa X-ray source
(hv=1486.6 eV). The two Mn 2p peak have almost identical peak profiles. Please note that the
intensity of the two spectra is normalized in order to compare their peak shapes. In reality the
spectrum of the synchrotron-based instrument has 35 times higher intensity than the laboratory
source under the conditions employed for the two measurements.

Online mass spectrometry results

After the examination of the oxidation state of the catalysts, the discussion is now focused on
the comparison of the catalytic response between the three samples in the NAP-XPS
cell/reactor. The distribution of the reactants and products was monitored by a quadrupole
mass spectrometer (QMS) fitted in the 1% pumping stage of the pre-lens of the analyzer. One
should also note here that the response of MS signal in the laboratory-based experiments
described in this paragraph is much better as compared to the synchrotron-based data described
in the previous paragraph. The reason of this is not absolutely clear but most probably is related
to the different COPrOXx reaction conditions applied in the two NAP-XPS spectrometers. This
includes the higher pressure (0.5 against 1 mbar), the contact time between the catalyst and the
gas phase (linked with the setup design, the size of the pellet, the flow rate, the exit slit etc.) and

finally the installation position of the QM spectrometer in the two instruments.

The evolution with time of the reactants and main products as recorded by QMS, as well as

the temperature profile, are presented in Figure 4-15. In the same figure it is included the CO
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and O conversion (Xco and Xoz respectively), the selectivity of O, to CO2 (Scoz), and the
yields of CO2, H20 and CHa (Yco2, YH20 and Xcha respectively) normalized to the maximum
signal recorded with the QMS for each mass. For all samples the CO and O conversion
appears from around 100 °C and step up at higher temperatures with parallel increase of the
CO2, CH4 and H20 signals. The CosMnOx catalyst shows the highest CO conversion (up to
250°C) and the CoMngOx the lowest in accordance with the catalytic results at 1 bar shown in
Figure 4-5. A notable difference between the pure and Mn-promoted CoOx catalysts is in
their relative H.O and CHa4 production (shown as a yield). In particular on Mn-promoted
CoOy the H20 production is enhanced, while that of CH4 is suppressed as compared to the

pure CoOx.

The calculated Xo2 is in accordance with the observations in the CO2 and H20O vyields. For
example at 200 °C, although the CosMnOx catalyst has significant higher Xo> than CoOx
(60% instead of 45%), the Sco2 of the two catalysts is about the same (around 30%), which
can be explained by the almost 3 times higher Yn2o observed for CogMnOx. In the catalyst
with the higher amount of Mn these differences are magnified with CoMngOx to have almost
2 times higher Xo2 and 5 times higher Yn2o in comparison to CoOx at 200 °C. This implies
that Mn catalyses the undesired H> oxidation reaction (Eq. 4-6) leading to the formation of
water and more importantly the loss of H..

However, Mn has not only negative effects on the COPrOx selectivity, but it can be
beneficial to suppress CH4 formation, especially at higher temperature. Focusing at 300 °C,
the Ycna of both Mn-containing catalysts are negligible as compared to CoOx. The CHg is
produced by the methanation of CO and/or CO: according to the Eq. 4-7 and Eq.4-8. CO
methanation reaction can explain also that CoOx maintains higher Xco than CogMnOx at
300 °C since at the former CO continues to consumed by this reaction, while as expected at
this temperature region the reaction is more selective to H20. As for CoMngOy, the decline of
CO conversion observed at 300 °C is mainly related to the over-consumption of O, for H>

oxidation, which seems to be predominant in these operating conditions.
CO methanation: CO + 3H, — CHs4 + H,0 Eq. 4-7

CO2 methanation: CO; + 4H, — CH4 + 2H20 Eqg. 4-8
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Figure 4-15. On line MS data recorded on (a) CosMnOy, (b) CoMngOy and (c¢) pure CoOx during
NAP-XPS measurements under COPrOx conditions. Operating conditions: 1 mbar of 1% CO,
1% O, and 98% H,, temperature range between 50 and 300 °C with a heating rate of 10 °C/min
between each temperature stage. Prior to the activity tests, the samples were pretreated in the
XPS chamber under 1 mbar of H; at 400 °C for 1 h.

One should comment here on the differences observed here with methanation reaction at
the catalytic tests performed in 1 bar (paragraph 4.3.2). It is difficult to define with certainty
the exact reason of the difference between the two experiments, but a plausible reason might
be the oxidation state of cobalt. All the experimental results suggest that above 250 °C cobalt
is mainly in the CosO4 state on CoOx catalyst at the 1 bar experiment. As mentioned, in
laboratory NAP-XPS tests the conditions were such that CoO phase prevails up to 300 °C. It

is known that methanation reactions are enhanced at high temperatures and they are promoted

122



by the presence of reduced cobalt (Co or CoO) as compared to CosO4.” This can rationalize
that CHa is particularly present in the conditions of laboratory based experiments since this is
practically the only case in this thesis that cobalt remains as CoO during high temperature
COPrOx reaction. The above presented catalytic results suggest that Mn influences both the
activity and selectivity of the COPrOx reaction in a complex way. Since water production is
significant on the Mn-promoted Co catalysts (Figure 4-15), it is proposed that the Mn;O3
phase is very active to catalyze the oxidation of H> into H20O, thus inhibiting CO oxidation.
As a result, the increase in Mn20Os concentration is thought to be the main cause of the

decrease in COPrOXx selectivity.
The effect of oxygen and carbon species

In Table 4-3 are presented the atomic ratios between the light elements (O, C) and the
transition metals derived from the NAP-XPS results for the two most active catalysts

discussed above.

Table 4-3. Atomic ratios of the elements on the surface of Co and Co8MnOx and binding
energies of the peaks extracted from the C 1s and O 1s photoelectron lines.

Sample T (°C) O 1s (eV) [Oads)/[Oratt] C1s (eV) [CY[Co+Mn]

100 0.8 284.4 0.7
529.8

CoOx 200 0.5 284.7 0.5
531.5°

300 0.3 286.2 0.4

100 0.3 284.8 1.0
530.1

CosMnOy 200 0.3 286.3 1.0

531.6°
300 0.3 288.5 1.0

Interestingly, the presence of COx species at 288.5 and 286.3 eV2'® was evidenced from the
C 1s spectra (Figure 4-16), with a maximum of population at 300 °C. Yet, these species were
not observed in the C 1s spectra of pure CoOx. In addition, COx species were observed on the
surface of the Mn-rich catalyst (CoMngOx), with a higher proportion in comparison to the
peaks attributed to C-H and C-C bonds at 284.7-284.8 eV. As a result, it appears that the

observed COy species are preferentially located on manganese. This confirms the
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observations realized by Jiang et al. in a FTIR study of the Co-Mn interactions.?®® More
precisely, since the COx species gain in population with the temperature along with the
Mn2O3 population on the surface (Figure 4-13), the COx are thus probably located on this

specific Mn phase known to provide effective adsorption sites for CO.33
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Figure 4-16. In situ NAP-XPS spectra of C 1s over Co and Co8MnOx catalysts, recorded after
H; pretreatment and during COPrOx at 100, 200 and 300 °C. Operating conditions: 1 mbar of
1%CO, 1%0; and 98%H,.

As previously stated, no peaks attributed to COx species were observed on pure Co.
However, it was noticed that the peak at 284.8 eV corresponding to C-C and C-H bonds was
overlapped by a second peak at lower BE (284.4 eV). This latter is attributed to sp2
hybridized C=C carbon. Thus, their presence underlines the ability of pure Co to reduce the
carbonaceous species, probably owing to the presence of metallic cobalt on the surface. This
hydrogenating/dehydrogenating character may explain why methane is significantly formed

on pure Co.

One should also notice here the absence of a C 1s component due to carbonates species,
typically observed around 290 eV. This is a confirmation of the interpretation of the role of
carbonate species in the catalytic activity given in the previous chapter. In particular,
carbonate species are related to the presence of CozO4 which is not formed in the employed
conditions of NAP-XPS experiment (see Figure 4-12). The absence of C0z04 and the related
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carbonates justifies the high activity (i.e. Xco) of CoOx catalyst relative to CosMnOx at 300 °C.
This result confirms that the reactivity and the oxidation state of cobalt are interrelated and

changes in the surface state are followed by different catalytic behavior.
4.4 Discussion

The catalytic tests at 1 bar showed that Mn promotion of Co (CosMnOy) leads to an
important increase of the COPrOx activity and improvement of CO: selectivity. The
promotional effect is related to the synergy of the two elements since the Mn-rich catalyst
(CoMngOx) is significantly less active. On the Mn-rich catalyst (CoMngOx) high O2 conversion
was observed owing to a promotion of Mn towards H. oxidation. BET measurements show that
the dispersion of Mn into cobalt particles can prevent severe agglomeration, therefore
maintaining a higher surface area of CosMnOx than that of pure CoOyx after reducing
pretreatment. Operando NAP-XPS measurements revealed that the addition of Mn influences
the reduction of cobalt surface in Ha, preventing reduction of CoO to Co° at certain reaction

conditions.

The addition of manganese does not only promote the activity, but depending on its
oxidation state, can also have negative effects on the Sco.. The operando NAP-XPS results
suggest that manganese is in a mixed MnO/Mn0j3 (i.e. Mn?*/Mn®") and in conditions that the
Mn.O3 phase is dominant (please compare Figure 4-9 with Figure 4-13 at 250 °C) the catalyst
is less selective to H> oxidation. This, in addition to the differences in the oxidation state of
cobalt, is hypothesized to be the reason for the important differences in the Sco. between

Figure 4-5 and Figure 4-15 especially observed at higher reaction temperatures.

Overall, the experimental results lead to the fact that Mn-promotion does not have a net
positive effect on the cobalt reactivity for COPrOx. The addition of Mn may help to stabilize
the CoO phase and, in this way, enhance the catalytic activity, but the interaction of Co and Mn
is rather weak leading to facile separation of two elements either during pre-treatment or under
reaction conditions. A direct effect of this, is that the areas of the catalyst that Mn and Co are
not in contact Co3z04 and MnO are formed with negative effect on the CO conversion and Scoz
selectivity. Most probably, more complex catalyst synthesis methods could be elaborated to
enhance the distribution of Mn on Co so as to stabilize better and in larger extent the CoO phase,

targeting to an even more active catalyst. However, the significant evolution of the %Mn as a
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function of the reaction conditions (Figure 4-10) at the same catalyst spot, suggests that in long
term the stability of such a Co-Mn catalyst might be an issue. In addition to that, a
commercially viable cobalt-based COPrOx catalyst should employ relatively simple synthesis
methods which can scale up easily, like those used in this work. Therefore, in Chapter 5 the

effort to discover a promising cobalt-based COPrOx catalyst will be pursuit.
4.5 Conclusions

In this chapter Mn-Co catalysts were synthesized and their performance in COPrOx
reaction was evaluated. Under continuous-flow conditions, Mn addition to Co (CosMnOx) led
to a significant increase of the catalyst performance. Operando NAP-XPS combined with gas
phase analysis indicates that the CoO, found to be the more active cobalt phase for COPrOx
in the previous chapter, was partially stabilized in presence of Mn. Interestingly, the Mn
oxidation state is also dynamic and transformed during the COPrOx reaction. Depending on
the operating conditions (time, T, gas mixture), MnO can be progressively oxidized into
Mn203 and reduce back to MnO again. Excess of MnO phase on catalyst’s surface was
correlated with high O consumption through the unwanted H, oxidation. Although, the
optimum surface phases of CoO and Mn>Oz were identified here, it was also evident that the
surface of the Co-Mn catalyst is dynamic and difficult to stabilize during COPrOx reaction.
Thus, further efforts needed in order to stabilize the CoO phase on the surface of cobalt-based

catalyst during COPrOx reaction.
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Chapter 5
Improving the Catalytic Performance of Cobalt for
CO Preferential Oxidation by Stabilizing the Active

Phase through Vanadium Promotion
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5.1 Introduction

In Chapter 3 was discussed the correlation between the cobalt oxidation state of the COPrOx
reactivity. It was concluded that CoO has a higher activity than that of Coz04 for COPrOXx,
validating some of the earlier proposals on this debate.”?%* However, in situ XPS made clear
that CoO is not stable in COPrOx reaction conditions and at certain temperature can be readily
oxidized to Co304, causing deactivation. The COPrOx reaction temperature seems to be
critical for the oxidation state of cobalt, since recent studies report that at higher temperatures
Co304 is rapidly reduced to metallic Co.%88 Metallic Co is not active for CO oxidation and has
the tendency to catalyze methanation and hydrogen combustion reactions.?® In fact, these
reports have revealed that cobalt oxidation state is extremely dynamic during COPrOXx reaction
and the reactivity is closely related to the redox effect of the gas phase. A good durability or
stability is indispensable for an efficient catalyst. Thus, stabilizing the optimum surface

oxidation state of cobalt-based COPrOX catalyst is essential.

The redox ability of cobalt, which is related to the stability of a certain oxidation state, can be
modulated by several factors. This includes the particle size and morphology326-335:3% as well as
the choice of the catalytic carrier/support.2® The admixture of another metal or oxide, usually
referred as promoter or doping agent, may also be used to influence the redox ability of
cobalt.3*” For example, CoO may be stabilized in an oxidative atmosphere by the presence of
Pt,*3%8 put needless to say that its high price limits its application of platinum as a promoter. In
the previous chapter it was shown that Mn might be a good alternative, but several issues
related to its stability might limit its application. Given that variable-valence metal ions have
been regarded as active modifiers able to tune the chemical bond or surface state of metal
oxides, we became interested in vanadium-modified cobalt catalysts. Vanadium can easily
exchange between various oxidation states,'® while it is known to promote CO oxidation®*® and
Fischer—Tropsch synthesis®* reactions on cobalt. In order to keep the complexity of the
catalyst to the minimum possible, vanadium was loaded directly onto commercial CoO
nanoparticles, without using a catalytic carrier/support. In this chapter, the catalytic behavior of
Co-V and the effect of V promotion on cobalt will be discussed. The interaction between Co
and V, is addressed in detail for the first time in this study, hopefully opening a path for future

applications of vanadium-cobalt mixed oxides.
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5.2 Experimental Methods

5.2.1 Catalyst Preparation

Commercial highly pure cobalt oxide nanoparticles: CoO nanoparticles (99.99%, Sigma
Aldrich) were used as precursors. V-modified cobalt oxides were synthesized by incipient
wetness impregnation method. Pure CoO or Co304 were post-impregnated in the solution of
NH4VO3, respectively. The mixture was dried at 120°C for 12h. The dry product was
subsequently calcined in air at 400°C for 3h. The nominal atomic ratio of V/Co is kept at 8
(Vo.125C0). The ratio of 1:8 between promoter and cobalt is reported as an optimum content for
many promoted-Co systems for COPrOx, for example Ce-Co and Mn-Co systems.8*3# For
this reason, this ratio was chosen at first to prepare a V-Co catalyst. Since the catalytic results
demonstrated an excellent performance and stability of a Vo.125Co catalyst as compared to pure
cobalt, we did not attempt to further optimize this ratio, but we picked this system for a detailed
mechanistic study to understand the role of surface vanadia promotion on cobalt. The surface

purity of the catalysts after synthesis was confirmed by the survey XPS spectra.
522 Catalytic tests

COPrOx catalytic tests on CoO and vanadium modified CoO catalysts were performed in a
continuous-flow fixed-bed reactor under atmospheric pressure. 50 mg of the catalyst was
loaded into the quartz tube and pretreated in H2 (30 ml/min) at 400 °C for 30 min (heating rate
10 °C min), which according to TPR-H. profile (Figure 5-5) reduces CoO to metallic Co.
Consequently, the sample was cooled down at 50 °C while the gas mixture switched to 1% CO,
1% Oz, 50% H> in He (50 ml/min). The qualification and quantification of reactants and
products was monitored by a gas chromatograph (GC) equipped with TCD detector. The
sample was maintained at each temperature for 30 min while gas was injected constantly to the
GC to obtain an average concentration of reactants and products. The steady-state test was
carried out after each light-off test using the same catalyst. Before the steady state tests the
catalysts was pretreatedt in Hz for 30 min, the COPrOx gases were introduced and then heated
with a ramping rate of 10°C/min to 250 °C. CO conversion (Xco) and CO selectivity to CO>
(Scoz) were calculated based on Equations 1 and 2 respectively:342343

Xeo %)= [00][2 O[fo]

x100 Eq. 5-1
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Scoz(%)zgx [Co]in - [CO]

ot %100 Eq. 5-2
[Oz]in - [Oz]out

In these equations, [CO]in/[O2]in and [COJout/[O2]out are the concentration of gases into and
out of the reactor, respectively.

5.2.3 Characterization of bulk structure and morphology

X-ray diffractograms (XRD) were performed on a Bruker D8 Advance diffractometer, using
Cu Ka radiation (A = 0.15418 nm) between 20 and 90° (26), with a step of 0.02° and a time of
1s per step. Hydrogen temperature-programmed reduction (TPR-H) was performed by means
of an automated characterization system (Micromeritics, model AutoChem II), which
incorporates a thermal conductivity detector (TCD). The surface morphology of cobalt was
inspected by a Zeiss GeminiSEM 500 SEM microscope. TEM was carried out in scanning
mode (STEM) using bright field (BF) and annular dark field (ADF) detectors on a JEOL 2100F

microscope working at 200 kV.
5.2.4  Operando Near ambient XPS and NEXAFs

The in situ synchrotron-based near ambient pressure X-ray photoelectron (NAP-XPS) and
near edge X-ray absorption fine structure spectroscopies (NEXAFS) were performed at CAT
beamline at the synchrotron radiation facility BESSY Il of the Helmholtz Zentrum Berlin. The
catalysts powders ware pressed into pellets and placed on a stainless steel plate which could be
heated at the back side by an IR laser. The pellets were initially pretreated in 0.5 mbar H> at 400
°C for 30 min. After the pre-treatment the catalyst was cooled at room temperature and the
reactant gas mixture of 1%CO, 1%0. and 50%H- in He of 0.5mbar was introduced via 4
calibrated mass flow controllers at a total mass flow of 30 sccm. The catalysts were initially
measured at different temperatures by stepwise annealing for about 1 hour in each temperature.
In addition, fresh catalysts after pre-reduction step were measured by directly annealing at
250 °C for about 2 hours, to resemble the conditions of the steady-state catalytic tests. The gas
phase composition was monitored online by a differentially pumped quadrupole mass
spectrometer (QMS), which was connected to the experimental cell through a leak valve. XPS
spectra of Co 2p, V 2p, O1s and C1s as well as NEXAFS Co Lz and V Ls-edges were collected
during the reaction. The Co and V Ls-edges NEXAFS spectra were recorded in the total
electron yield (TEY) mode. The NAP-XPS and NEXAFS spectra were fitted using standard
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reference curves of metallic Co, CoO and Co304 recorded at the same spectrometer.

The V Ls-edges were simulated using the charge-transfer multiple (CTM) approach in order
to obtain qualitative information from the absorption spectra.®**34° The calculations have been
performed using the CTM4XAS v5.23 program.3*® The tetrahedral symmetry is chosen for the
calculations of V°* in the CosV20s%*" and CoVOx while the octahedral one for V°* in the
V205.3% The crystal field value (10Dq) and the charge transfer energy value (A) were the main
parameters adjusted in the simulation to obtain the best accordance with the experimental
spectra. The other parameters were: i) for CoVOx, slater integrals (Fad, Fpd, Gpda)=0.8, spin-orbit
spitting parameter SO=1, optical parameters Dt=Ds=-0.1 eV, core hole potential Upq and the
3d-3d repulsion energy Upa=Uq¢=0.5, and the hopping parameters eg =1eV and t2g=0.7 eV ii)
for V205 reference, (Fdd, Fpd, Gpd)=1, SO=1.05, Upa-Uag=2.5, eg =1.2 eV and t23=0.6 eV, iii) for
Co3V20g reference, (Fdd, Fpd, Gpd)=0.75, SO=1, the Dt=Ds=-0.1 eV, Uy¢=0, Uas=1.2, ey =1.6
eV and tog=0.

5.25 In situ NEXAFS in 1bar

In situ NEXAFS experiments at 1 bar of Hz or O, were performed at the APE-HE beamline
of the Elettra synchrotron radiation facility (Trieste, Italy), exploiting a dedicated setup based
on a reaction cell with SisNs membrane, as described in detail elsewhere.?*® The NEXAFS
signal was detected in TEY mode, by probing the drain current from the sample with a
picoammeter. The catalyst powder was loaded in the in situ cell, installed in the APE-HE
instrument and interfaced with gas delivery and temperature control systems. For all the
experiments a total gas flow of 50 cm®min was used. NEXAFS data were acquired after 15
min at each selected temperature point. After the reduction step in Hz, the sample was cooled

down to room temperature in He gas flow prior to the oxidation step in 10%02/He.

5.3 Results

5.3.1 Catalytic performance in COPrOx reaction

Figure 5-1 compares the COPrOx catalytic performance of pure CoO (hereafter referred as
Co0y) and V-modified CoO (hereafter referred as CoVOx) catalysts. Prior to the reaction the
samples were reduced according to the conditions reported in the experimental part. As shown

in Figure 5-1a, for both catalysts the CO conversion increases with reaction temperature.
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However, at a given temperature the conversion of CO over CoVOy is much higher than pure
CoOx. At the same time, the O selectivity to CO2 (Scoz) is on average higher on CoVOy, while
a significant variation of Sco2 is found on CoOx in the temperature range between 100 and
250 °C. This instability should be attributed to O, consumption for CoO oxidation as will be

explained later in the text based on the spectroscopic results.
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Figure 5-1. Fixed bed reactor catalytic tests of CoOx and CoVOx catalysts. (a) CO conversion
and (b) CO; selectivity as a function of the COPrOx reaction temperature. (c) CO conversion
and (d) CO; selectivity as a function of the time-on-stream at 2 characteristic temperatures.
Experimental conditions: 1%CO, 1%0; and 50%H; in He-balanced flow; 50 mg of catalyst;
50ml/min of total flow at atmospheric pressure.

To evaluate their stability, the two catalysts were monitored during COPrOx at 250 °C and
300°C for about 4 h on stream. As shown by the evolution of the CO conversion and CO;
selectivity in Figure 5-1 c and d, the catalytic performance is maintained in the case of CoVOxy,
in contrast to CoOx which undergoes rapid deactivation especially at 250 °C. As shown in
Figure 5-1c, the activity of CoOx at 250°C rapidly decreased from 90% to 35% within 1 hour.
The CO conversion increases for both catalysts when the temperature rises to 300 °C, with
CoVOx being almost 30% more active than CoOx. Finally, when the temperature goes back to
250 °C there is a slight deactivation of CoVOy as compared to the one initially observed, but the

catalysts remain about 60% more active than the pure one. Moreover, for both spent
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cobalt-based catalysts, the reductive pretreatment after each COPrOx test recovered the high
activity in repeated cycles, which makes the loss of surface area due to cobalt sintering as the

cause of deactivation highly unlikely.

The superior performance of CoVOy also expands in terms of the CO; selectivity which is
significantly higher (up to 10 times) in both examined temperatures. Overall, the addition of
vanadium into cobalt oxide has significantly enhanced the COPrOXx reactivity of the catalyst
both in term of activity and in a lower extent in CO> selectivity as well. Pure vanadium oxide is
practically inactive for COPrOx; therefore, the dramatic improvement of reactivity can be only

ascribed to a synergetic/promotional effect between cobalt and vanadium.
5.3.2 Ex situ characterization

5.3.2.1 Structure and morphology

The X-ray diffraction (XRD) patterns of fresh CoOx and CoVOxy catalysts, as well as after
reduction pretreatment and COPrOx reaction referred to Figure 5-1c, are shown in Figure 5-2.
The characteristic diffraction peaks of the pristine CoOx are clearly observed at 26= 36.54,
42.44,61.53, 73.82 and 77.66° which correspond to the crystalline planes of (111), (200), (220),
(311) and (222) of face-centered cubic (fcc) CoO phase.2%%349
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Figure 5-2. The ex situ XRD patterns of catalysts after different treatment, the spent samples
were used for COPrOx test under atmospheric pressure.

Different diffraction peaks appear in the XRD pattern of the as-prepared CoVOy, which are
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well assigned to the crystallographic planes of CosO4 cubic spinel structure (PDF#76-1802 of
the JCPDCS). The Co304 phase formation over CoVOx is the result of air calcination at 400 °C
according to the preparation protocol of this catalyst. After reduction in Hz, the XRD patterns
of both CoOx and CoVOy have the same diffraction peaks, which characterize the metallic Co
phase. This proves that both catalysts are fully reduced in their bulk during the reduction
treatment presenting the COPrOx. The XRD patterns after reaction (spent catalyst) are very
similar to those after H, treatment, suggesting that metallic Co is preserved in the bulk of the
catalysts also under COPrOx. Notably, no additional peaks associated to vanadium compounds
are observed in the XRD pattern of VV-modified CoO sample. The absence of vanadium phase
suggests that the vanadium atoms either form an amorphous oxide, or are highly dispersed on

the surface of cobalt, or even inter diffused in the lattice of cobalt oxide.

The morphology of fresh and spent catalysts was examined by scanning electron microscopy
(SEM). The typical images of fresh and spent samples after several hours of reaction COPrOx
at 250°C as well as Energy Dispersive X-Ray Analysis (EDX) micrographs of the fresh CoVOy,
are shown in Figure 5-3. SEM images reveal that both fresh CoOx and CoVOx consist of
similar nanoparticles with sizes between 30 nm and 60 nm. The typical images of spent
catalysts demonstrate the agglomeration of the particles, which should be expected for
unsupported metal particles after the long-term stability test above 250°C. The EDS mapping
of as-synthesized CoVOx shows that vanadium is homogeneously distributed over cobalt
powders with certain V-rich clusters. The atomic ratio of VV/Co is close to the nominal ratio of
1/8.

Figure 5-3. SEM micrographs of fresh and spent CoOx and CoVOx catalysts (left) and EDS
mapping (right) of fresh CoVOy along with elemental analysis spectrum.
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The scanning TEM (STEM)-EDS elemental mapping images of spent CoVOx sample
(Figure 5-4) confirmed that the V was uniformly distributed throughout the cobalt
nanoparticles. Moreover, a V-rich thin layer is seen on the out-most edge/surface of large
cobalt particles (Figure 5-4b), indicating the VV-containing phase exists mostly on the surface
of cobalt particles. Interestingly, the XRD patterns of spent CoVOx demonstrated the absence
of O-containing and V-containing phase in the bulk, but in Figure 5-4e, it is shown that O is
highly distributed through the particles. This might be attributed to the possibility that O is
only existed in an amorphous oxide of vanadium, or dispersed on the surface cobalt oxides,
suggesting that the V probably exists on the cobalt surface as an oxide. This assumption is

confirmed by XPS measurement with V 2p spectra.

25 nm oK 25 nm

Figure 5-4. STEM-EDS mapping images of spent CoVVOx sample after reaction in atmospheric
pressure.

5.3.2.2 BET and TPR

Temperature programmed reduction (TPR), was used to investigate the effect of V addition
to cobalt oxide reducibility. The TPR profile (see Figure 5-5) of pure CoOy after calcinations

in air is characterized by two main features (peaks), which represent a two-stage reduction
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process Co304 — CoO — Co, in good agreement with previous reports.33%3%° The TPR profile
of the CoVOx catalyst shows a number of additional peaks shifted to higher temperatures as
compared to CoOx. Although the attribution of each feature in the TPR profile of CoVOx is not
straightforward since it involves reduction of both V and Co oxide species as well as their
interfaces, the higher reduction temperature implies a strong interaction between cobalt and
vanadium, resulting in a material that is more difficult to reduce.®®! The TPR profiles are
related to bulk reduction and therefore it is hard to correlate them with the catalytic
performance. The differences in the reducibility of the surfaces of the two catalysts will be

defined in more detail based on the operando spectroscopic results presented below.
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Figure 5-5. H>-TPR profiles of CoVOx and CoO catalysts after calcination in air 400°C 3h.

5.3.3 Comparative operando NAP-XPS and NEXAFS at 0.5 mbar

5.3.3.1 The oxidation state of cobalt

In the previous chapters it was demonstrated that the surface oxidation state of cobalt plays a
key role for COPrOx reactivity, in agreement with literature reports.>1%31 At low temperature
the COPrOx mixture can oxidize metallic cobalt, whereas at relatively high temperature cobalt

oxides could be reduced back to metal.5%¢® Thus, depending on the COPrOx reaction
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conditions, cobalt may easily swap between different oxidation states. Herein,
synchrotron-based NAP-XPS and NEXAFS were used to monitor, in a comparative basis, the
surface oxidation state of CoOx and CoVOx during COPrOx reaction. Experiments were
performed both in temperature ramping and quasi steady state conditions following an
experimental protocol similar to the catalytic tests shown in Figure 5-1. Fresh samples,
retrieved from the same synthesis batch, were used in each case. Prior to the reaction the

samples were pre-reduced at 400°C in 0.5 mbar H> for 30 min.

Figure 5-6 shows the evolution of Co 2ps;2 spectra as a function of COPrOx reaction
temperature, for CoOx (Figure 5-6a) and CoVOyx (Figure 5-6b) catalysts. Deconvolution of the
spectra using reference peaks, was used to quantify the various oxidation states of cobalt. At
50 °C the main Co 2pz/2 peak of the CoOx catalyst (Figure 5-6a) is centered at 780.5 eV with a
satellite peak around 786.7eV characteristic of Co?* species.'4293:326:335 The shoulder around
778.6 eV is induced by metallic Co,3%264293:352 jndicating that cobalt forms a mixed Co%CoO
phase in the COPrOx mixture, in accordance with our previous findings.3! As the reaction
temperature rises, cobalt is further oxidized into CozOa (herein referred as Co>®™) identified by
a broad satellite at 789.5 eV clearly indexed at 300 °C. However, when temperature reaches
350 °C, the low binding energy (BE) peak appears again in the Co 2ps/> spectrum, indicating
that part of Coz0O;4 is reduced back to metallic Co. This is an intriguing observation showing
that the redox effect of COPrOx mixture on cobalt surface is controlled by the reaction

temperature.

In the case of CoVOx (Figure 5-6b), a mixed Co%Co?* oxidation state is found at 50 °C,
while at 150°C the surface is dominated by Co?*, likewise to CoOx sample. However, above
this temperature the stability of Co?* species is distinctly different between the two catalysts. In
particular, as clearly shown in the bar graphs, over CoVOx the Co?* phase is stabilized up to
250 °C, while partial oxidation to Co?®"* is observed only above 300 °C. Contrary to CoOy, the
sample is not reduced to metallic Co® at 350 °C. Notably, Co?* is a dominant CoVOx surface
phase at intermediate reaction temperatures (ca. 250°C), which are actually of main interest for

COPrOXx since higher temperatures promotes water formation.3!*
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Figure 5-6. Operando NAP-XPS spectra of Co 2p over CoOy (a) and CoVOx (b) catalysts
recorded at different temperature during COPrOXx reaction: 19%CO, 190, and 50%H, in He,
at 0.5 mbar total pressure. Each spectrum was recorded after about 10 min in the reaction. The
distribution of cobalt species obtained by Co 2p peak deconvolution is shown in the inserted bar
graphs. (c) Co 2p NAP-XPS and (d) Co Ls-edge NEXAFS spectra of CoOx and CoVOy catalysts
in conditions that favour the formation of Co?" state, i.e. at 150 °C in COPrOx mixture.
NEXAFS is a powerful technique to study the electronic and geometric structure of
materials in an element specific fashion.®>® Moreover, contrary to XRD, it is surface sensitive
and can detect both crystalline and amorphous phases.**3* Operando NEXAFS spectra,
presented in Figure 5-7, confirm the higher stability of Co®" species over CoVOx catalyst. In
addition to that, the characteristic line shape of octahedrally coordinated Co?* can be easily
distinguished at intermediate temperatures in both samples. This result suggests that the
octahedral symmetry of Co?* ions does not change by V addition, in contrast to other promoters,

e.g. Zn, with stabilizes tetrahedral Co?" species.'®*

In an attempt to identify minor differences in the electronic structure of Co?* species in the
two cases, we compare in Figure 5-6¢ the Co 2p spectra of the two catalysts at conditions
where the Co?* species dominate. Despite the similar peak profiles, the spectrum of CoVOx is

shifted about 0.6 eV in respect to CoOx. This shift is also observed for Co 2p spectra recorded
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at different photon flux conditions and cannot be induced by electrostatic charging, considering
the identical position of the C 1s peak of the two samples (see below). Besides, the shift
between the spectra is also visible in partially reduced CoOx and CoVOyx where the sharp
photoelectron peak of Co® was used as an internal reference. The Co2ps shift to higher
binding energies is consistent with previous studies of cobalt vanadates,3®"=% however the

magnitude of 0.6 eV observed here is lower than the one previously for cobalt-vanadates.
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Figure 5-7. Operando NEXAFS spectra of Co Ls-edge over CoOx (a) and CoVOy (b) catalysts
recorded at different temperature during COPrOx reaction: 1%CO, 190, and 50%H, in He,
at 0.5mbar total pressure. The spectra are recorded on the Total Electron Yield (TEY) mode.
Each spectrum was recorded after about 30 min in the reaction conditions.

The Co Ls-edges corresponding to the photoelectron peaks (Figure 5-6) are characteristic of
octahedrally coordinated Co?* species*?* as mentioned above. Although the spectral line
shapes closely overlap to each other, in the case of CoVOx there is relatively lower intensity of

the peak at 777.7 eV and higher at the features around 780.1 and 781.8 eV (pointed out by
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arrows). Changes in the NEXAFS spectra indicate deviation in the ligand-field-related Co 3d
electronic states in the two catalysts, despite the same symmetry. This can be caused by
differences in the Co-O bond length, angle and strength, as well as the interaction of cobalt ions
with V heteroatoms.61%%2 Similar changes in the Co Ls-edge of cobalt-halogen compounds

have been attributed to the increase of cobalt ion electronegativity.®!

Short-term stability tests were performed at 250 °C, in order to explicate the dramatic
differences in the durability of the two catalysts found in Figure 5-1d. The evolution of the %
CoO, derived by deconvolution of Co 2p peaks, as a function of the time on stream is shown in
Figure 5-8a. Initially, the surface of both catalysts was dominated by Co?* which decreases
with time in favor of Co*®™ formation. However, significant differences can be observed in
the % fraction of Co?* between the two samples. In particular, for CoOx the Co?* amount
rapidly drops to 30% due to Co?%"* formation, while for CoVOx this value drops only up to 78%
in the time scale of the experiment.
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Figure 5-8 @) The % CoO in the overall CoO and Co30, oxide layer quantified from NAP-XPS
Co 2p peak deconvolution as a function of time on stream. b) Characteristic Co Ls-edge
NEXAFS spectra recorded at various steps in the COPrOXx reaction. The spectra of reference
Co0 and Co304 oxides are included for comparison. The spectra for both CoO, and CoVOx
catalysts were recorded at 250 °C in 1%CO, 1%0, and 50%H; in He, at 0.5mbar total pressure.
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Depth dependent measurements of the Co 2p peak were used to distinguish the distribution
of the two oxides on the CoVOy surface. As shown in Figure 5-9, there is no evident depth
dependency between the two Co 2p components, which indicates that Co?* and Co?®"* phases
do not overlap significantly but are arranged separately on the CoVOy surface. Comparison of
the Co Ls-edges in Figure 5-8b confirms the significant differences in the oxidation state of the

two catalysts in consistence with NAP-XPS.
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Figure 5-9. (bottom part in yellow background) Orerando NAP-XPS Co 2p spectra collected over
CoVOx catalyst using four different photon excitation energies (960, 1020, 1340 and 1620 eV).
The analysis depth of each photon energy was estimated as 3 times the inelastic mean free path.
The latter was calculated using the QUASES-IMFP-TPP2M Ver.3.0 software. (top part in green
background) Orerando NAP-XPS Co 2p spectra of CoOy catalyst recorded using excitation
photons of 1020 eV. All spectra were recorded at 250 °C in COPrOx reaction conditions.

Overall, from the above presented results it can be claimed that the thermal stability of
octahedral Co?* species in COPrOx conditions is improved by V addition. The observed

differences in the Co 2ps;» BEs and the Co L-edge NEXAFS features between the two catalysts,
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evoke that V interfere with Co?* ions, implying the formation of a mixed cobalt-vanadium
oxide. Nonetheless, the spectra of CoVOyx do not exactly match these of known octahedral
cobalt vanadate compounds (e.g. CosV20s)%72%2 and do not allow the direct identification of
the mixed oxide formed in our case. Further details on the nature of CoVOy are provided by the

analysis of vanadium peaks.
5.3.3.2 The oxidation state of Vanadium

To understand better the behavior of CoVOy catalyst, it is important to determine the
oxidation state and the stability of vanadium. Vanadium can take several oxidation states that
can be easily distinguished in photoemission experiments. A complete list of the V 2p and

L-edge XPS and NEXAFS spectra for all reaction temperatures can be found in Figure 5-10.
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Figure 5-10: (a) Operando V 2p NAP-XPS and (b) V Ls-edge NEXAFS spectra of CoVOx
catalysts recorded at various temperatures during COPrOx reaction: 1%CO, 190, and 50%H,
in He, at 0.5mbar total pressure. Each spectrum was recorded after about 10 min in the reaction.

All spectra recorded above 100°C look quite similar, with several small features visible and the
dominant spectra peak positioned at ~518 eV. No shifts are observed with V Ls edge spectra of
CoVOx at different temperature, confirming the XPS results which show that V** is the
dominant oxidation state of vanadium during COPrOXx.

In order to facilitate the discussion Figure 5-11a shows the selected V 2p spectra recorded at

some characteristic COPrOx reaction conditions. As shown in Figure 5-11a, at 50 °C the V
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2p3/2 peak can be deconvoluted in two components at 515.8 eV and 517.1eV which correspond
to V4" and V®*species respectively,3%3-3% while at 350 °C the V°* peak dominates the spectrum
in the expense of the V** component. Depth dependent V 2p measurements (not shown)
suggested that both vanadium oxidation states co-exist on the surface without evident depth
distribution. The increase of the % V°* with reaction temperature (Figure 5-11b) implies
progressive oxidation of V#* to VV**. The % of Co?" included in the same graph is practically
stable between 100-250 °C, suggesting that the oxidation behavior of the two elements of
CoVOx is different. This is also supported in the stability experiments, where after about 30 min
in the stream, all vanadium was converted to V°* and remained stable at this oxidation state

onwards (Figure 5-11a).

In Figure 5-11c the V Lz edge of CoVOx recorded at 250 °C during COPrOx stability tests is
compared with spectra of Co3zV20s and V.0s reference compounds. For the evolution of
CoVOxy V L3 edge as a function of the reaction temperature please refer to Figure 5-10b. The
reference oxides were selected because of their different coordination geometry with the
oxygen ligands: tetrahedral (T4) for Co3V20s *’ and octahedral (On) for V20s,>* albeit they are
both composed of V°* cations similar to CoVOx. According to literature, the various V
oxidation states are differentiated by the shift of all discernible spectral features of VV L-edge
spectra. For example, the NEXAFS peak maximum of V°* in V2Os oxide is centered at around
518.8 eV and is shifted by approximately 1 eV from that of \/**.13:3%6367-370 The glignment of
the peak maximum for all NEXAFS spectra in Figure 5-11c confirms the XPS results, which
show that V°* is the dominant oxidation state of vanadium during COPrOx. The CoVOy peak
profile does not contain the features around 517 and 519.5 eV resembling more to the CozV20g
than V20s reference oxide. This suggests that V°* in our catalyst is in Tq4 coordination with O
anions and does not form V20s particles separated from cobalt, but most probably Co and V
ions interact to each other to form a mixed oxide. However, there are some clear differences in
the NEXAFS line shapes between CoVOx and CosV20g, with the most prominent being the
increased intensity of the former at around 517.5 eV. This cannot be induced by lower
vanadium oxidation states, since these states should have been also visible in the V 2p spectra.

This observation suggests a distortion of V-O symmetry as compared to the reference oxide.
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Figure 5-11. (a) Opreando NAP-XPS V 2p spectra of CoVOy catalyst recorded during
temperature-dependent and stability COPrOx tests. (b) The % evolution of V** and Co?* species
with temperature calculated based on V 2p peak deconvolution shown in (a) and Co 2p spectra
shown in figure 4-5b. (c) Operando V Ls; edge NEXAFS spectra of CoVOy catalyst (solid black
line) at 250 °C in the COPrOXx reaction. Reference V L; edge spectra of V,Os and Co3V.0Os (solid
blue and red lines respectively) extracted from literature®’" are included for comparison.
Theoretically simulated V L; edges (dashed lines) for the same V oxidation state (+5) but
different crystal field geometries (Td, Oh) and 10Dg and A values are included under each
experimental spectrum.

The spectral shape of the NEXAFS V Ls-edge is strongly correlated to the coordination
environment and number of 3d electrons of the metal center.3** Therefore it may be used to
provide interesting insights about the local geometry around the V°* cation,® as has been
shown previously for other transition metal oxides.t’”*™* Theoretical simulation of the V
Ls-edge using the charge-transfer multiplet (CTM) approach can help to estimate the variations
in the V-O interaction that are accountable for the differences in the line shapes.3*4**° The two
key parameters affecting the shape of the calculated XAS curves are 10Dq (crystal field
splitting) and A (charge transfer energy). The 10Dq parameter determines the splitting in the
crystal field and depends mainly on the metal-ligand distance, in a way that an increase in the

value of 10Dq corresponds to a decrease in V-O distance. The charge transfer energy term A
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describes the interaction of V 2p ions with delocalized electrons from the O 2p orbital.** An
increase in A value corresponds to weaker interaction between V 2p and O 2p orbitals. The
theoretically simulated V Lz-edges that give the best accordance with the experimental spectra
are included in Figure 5-11c, while the 10Dq and A parameters are shown in Table 5-1. The
CoVOx catalyst has higher 10Dq and lower A values as compared to CozV20sg. According to the
assignment mentioned above, the distance between V and O ions is shorter and their interaction
is stronger in CoVOx as compared to Co3V20s. Assuming that Co and V ions share some of the
oxygen atoms in the lattice, shorter V—O bonds induce correspondingly longer Co—O bonds.
The net result of this change is that the cobalt 3d electrons are more localized on the cobalt

atoms in CoVOy as compared to Co3V,0s.%%

Table 5-1. The symmetry, 10Dq (crystal field splitting) and A (charge transfer energy)
parameters found by the multiplet calculation to give the best accordance with the experimental
spectra shown in Figure 5-11c.

Sample Symmetry 10Dqg (eV) A (eV)
V205 On 1.3 3
Co3V20g Tyq 0.7 2.2
CoVOx Ty 1 0.5

Overall, the analysis presented above suggests that the electronic structure of V°* species on
CoVOx catalysts does not correspond to the octahedral coordination expected for V20s simple
oxide, but to tetrahedral coordination, most probably by formation of a mixed oxide with the
cobalt support. As also discussed above for Co?*, the spectroscopic results do not allow
attributing the cobalt-vanadate oxide formed on the CoVOy surface to one of the already
described bulk cobalt vanadates. However, it seems that V-Co interaction is the key of the high

stability of Co?* ions and increases the resistance of CoVOx to CosO4 oxide formation.

5.3.3.3 Surface composition and evolution of the adsorbed species during
COProx

Figure 5-12 presents the surface atomic percent (at. %) evolution of V on CoVOy surface, as
determined by the intensity of the V 2p and Co 2p NAP-XPS peaks. The as-synthesized CoVOx
has considerably higher V concentration than the nominal one (23 instead of 11 at. % V),
suggesting that vanadium was initially highly dispersed on the sample’s surface. However, the

V% concentration decreases rapidly with the COPrOXx reaction temperature in favor of cobalt,
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either due to agglomeration or subsurface segregation of V species. Recording Co 2p and V 2p
peaks with increasing photon energies allowed calculating the %V concentration at different
analysis depths. The results, included in the inset of Figure 5-12, make clear that V
concentration decreases with the analysis depth. This indicates that V and Co are not
homogenously mixed in the outermost 5 nm of the catalyst, but V is concentrated at the
outermost surface while the inner layers are dominated by cobalt. This is an additional
argument suggesting that surface and bulk parts of the CoVOxy catalyst are distinctly different,

validating our approach to use primarily surface sensitive methods for its analysis.
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Figure 5-12. Surface atomic percent (at. %0) of V as a function of COPrOx reaction temperature,
calculated by V 2p and Co 2p NAP-XPS. The analysis depth is estimated around 2 nm. The inset
shows the modification of the %at. V with the NAP-XPS analysis depth, calculated from
measurements with increasing excitation photon energies. The latter measurements correspond
to the long-term stability test experiment.

Operando NAP-XPS provides the necessary chemical and surface specificity to identify
adsorbed carbon species during reaction. In Figure 5-13 the C 1s spectra at characteristic
reaction temperatures are shown together with the evolution of the surface concentration for
CoOy and CoVOx catalysts. The amount of adsorbed carbon over CoVOy is constant up to
200 °C, while above this temperature it shows a decreasing tendency. Carbon evolution over
CoOy is notably different, exhibiting a fast decrease of carbon population up to 200 °C and a

steep rising above this temperature, which overwhelms almost 4 times the carbon observed
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Figure 5-13 (a) Operando C 1s NAP-XPS spectra recorded at different COPrOXx reaction
temperatures over CoOy (top) and CoVOy catalysts. The middle graph shows the evolution of the
carbon atomic percent (at. %) at the surface (2 nm) as a function of the COPrOXx reaction
temperature, calculated by the C 1s, Co 2p and V 2p peaks. (b) Comparison of the O 1s
NAP-XPS spectra of the two catalysts recorded at 350 °C in COPrOXx.

Deconvolution of the C 1s peak can help to distinguish the nature of adsorbed carbon. As
shown in Figure 5-13a, four main carbon species coexist on the two surfaces. Based on
previous reports, the peak at 284.5 eV is due to C—H and C—C bonds, while the two peaks at
286.4 and 288.4 eV are attributed to oxygenated carbon species like C-O-C and O-C=0
respectively.3! These species persist on the surface of CoVOx catalysts at all reaction
temperatures with small variations in their relative population. In the case of CoOx the
evolution of carbon species is remarkably different, with a new C 1s peak at 289.3 dominating
the surface above 250 °C. The binding energy of this peaks is characteristic for carbonate

(CO?) or oxalate ((COO)?") species as has been clearly shown before. 372373

This attribution is confirmed by the O 1s spectra recorded at 350 °C and shown in Figure

5-13b. The overall O 1s peak can be deconvoluted in two main oxygen species. The one around
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529.6 eV is assigned to the lattice oxygen of the cobalt oxides (CoO and Coz04 have very
similar O 1s binding energies) 3. The high binding energy components are located at 530 eV
(CoVOy) and 531.9 eV (CoOyx) and can be attributed to oxygenated carbon/hydroxyl
species'’>?’” and carbonate/oxalate species,>’237® respectively. N. Kruse and coworkers
showed that the binding energy difference between the Ol1s and C 1s peaks ABE(O1s-C1s) can
be used to distinguish between carbonate and oxalate carbon species. Taking as an internal
reference the position of the C-C peak, this difference is found in our case 242.1 eV which is in
good agreement with the value of 242 + 0.2 eV reported for carbonate species.3’237 In Chapter
3 the differences in the reactivity between CoO and Co304 were attributed to their different
capacity to form carbonates under COPrOx reaction conditions. The NAP-XPS analysis
presented here evidences that stabilization of the Co?" oxidation state by V promoter controls
the amount of adsorbed carbonates during the reaction, having direct benefits on the reactivity.

5.3.4  Reducibility of CoVOx measured by in situ—NEXAFS at 1 bar

The operando NAP-XPS and NEXAFS results clearly demonstrated that Co?* remains the
dominant cobalt oxidation state during COPrOx over CoVOy, in contrast to the pure CoOx
catalyst which forms a mixture of Co®" and Co°, at least above 200 °C. This finding provides
clear evidence that the high catalytic activity and stability of CoVOyx demonstrated in the
catalytic tests (Figure 5-1) is related to the enhanced redox stability of cobalt monoxide.
However, before being able to directly correlate NAP-XPS with fix-bed reactor results, the
effect of the pressure gap between the two experiments (0.1 mbar in NAP-XPS vs. of 1 bar in
catalytic tests) should be considered. The XRD analysis of the spent catalysts showed that their
bulk structure was not notably affected by COPrOx reaction, which contradicts the fast
adjustment of the surface oxidation state and composition found in NAP-XPS. Therefore, in
order to fulfill the requirements of surface sensitivity and atmospheric pressure operation, a
recently developed experimental approach was selected which allows performing in situ
NEXAFS under controlled gas atmosphere at 1 bar.?*° Since the designs of the NAP-XPS and 1
bar NEXAFS cells are considerably different, it is very challenging to obtain the same reaction
conditions (reactants flow, gas space velocity, beam effects etc.) in the two experiments.
Therefore, the stability of CoVOy was investigated under 1 bar H, atmosphere (without CO and
O addition) and 10% O/He, which are much harsher reducing and oxidizing conditions
respectively than those the catalyst faces in COPrOx reaction.
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Figure 5-14a and b show the V and Co Ls-edges respectively, of pristine CoVOy (calcined)
upon annealing in Hz. Not surprisingly, just after calcination the V and Co L3z-edges correspond
to V°* and a mixture of Co®" and Co?* species, respectively. Annealing in H. partially reduces
both V and Co, but not at the same temperature. V°* readily reduces to V** already from 50 °C,
and after this temperature the spectral shape remains similar up to 250 °C. In case of cobalt, the
reduction of Co®" appears above 200 °C, while at 315 °C the line shape of Co Ls-edge
resembles that of Co?*.
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Figure 5-14. (a) In situ V Ls-edge and (b) Co Ls-edge NEXAFS spectra of CoVOx catalysts
recorded at 1 bar H; between 47-315°C. (c) In situ V Ls-edge and (d) Co Ls-edge NEXAFS
spectra of CoVOy catalysts recorded at 1 bar 10960, in He between 38-150°C.
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The oxidation behavior between vanadium and cobalt in 10%0: in He at 1 bar (Figure 5-14c
and d) is also very different. When the pre-reduced catalyst is exposed to O, vanadium is
readily oxidized to the \/°* state already at 38 °C and remains stable afterwards, while cobalt is
much more resistant to oxidation. At the maximum annealing temperature of this experiment
(150 °C) only a part of Co?* has been oxidized to Co®" as deduced by the Co Ls-edge line shape.
Please note that in 10%0- in He, cobalt is more oxidized as compared to the COPrOx mixture
shown in NAP-XPS, which is however expected due to the much higher oxidative effect of
10%0O, atmosphere. However, this result clearly shows that cobalt and vanadium do not
respond to the same manner in oxidative environments with the latter being much more
resistant to oxidation than the former. Consequently, in situ NEXAFS confirms that the Co?*
state might be stable under atmospheric pressure conditions that closely resemble those of the
catalytic tests. This result directly supports the idea that the higher activity and stability of

CoVOx should be a direct consequence of the redox stability of surface Co?* species.
5.4 Discussion

Catalytic tests show that vanadium addition to cobalt oxide results in a material with a higher
conversion in preferential CO oxidation in Ha rich mixtures. There are two general paths in
which promoters, V in our case, may influence the reactivity of the active catalytic sites, i.e. Co.
The first is related to an electronic modification of the catalytic active sites and the second to
structural stabilization that enhances their abundance during the reaction.®’* Our results show
that the population of Co?" on the surface of cobalt adjusts to the working conditions
independent of the promotion. Nevertheless, under identical conditions CoVOy has always
higher abundance of Co?" as compared to CoOx. Therefore, the primary effect of V on cobalt is
related to the structural stabilization of Co?" sites and their resistance to Co®* transformation.
As we have shown previously, this affects the COPrOx reactivity since Co?* surfaces are less
susceptible to carbonate species formation,®'! which is one of the main reasons of cobalt

catalysts deactivation.

To elucidate the stabilization effect of V on Co?* we need first to describe the mechanism of
CoO oxidation to Co304. Combining theory with experiment, Robinson and coworkers?’
showed that CoO oxidation proceeds by Co?* ions diffusion to the outer surface through the
oxide lattice and/or the grain boundaries. In this process the O lattice is not considerably

affected and it is expected to remain rigid. 2’* Our results showed that Co?" and V°* ions at
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CoVOy surface share to a large extent the same lattice oxygen. The vanadium ions can
exchange between 5+ and 4+ valences more easily than cobalt changes between the 2+ and 3+
ones, as shown in the NAP-XPS and the atmospheric pressure NEXFAS experiments.
Therefore, since V has higher redox ability as compared to Co, it will be selectively oxidized
by gas O acting as a buffer for Co?" oxidation. Taking into account that the COPrOx mixture
contains only 1% O, this can slow down the kinetics of cobalt oxidation and increase the
durability of the catalyst. Similarly, in reducing conditions V°* will be the first ion to release
oxygen and convert to V#*, keeping Co?* stable. An analogous stability mechanism has been

previously proposed for Fe-doped Co304 catalyst.3"

In addition to the clearly manifested stability of Co?*, the analysis of absorption spectra gave
evidence of a less pronounced, but still distinguishable, difference between the two catalysts.
Namely, although V does not change the coordination symmetry of Co?*, yet it affects the
Co**-0 anions distance in the CoVOx oxide lattice as well as the Co?* electronic state.
Unfortunately, our analysis cannot quantify the electronic charge of cobalt ions, however, can
qualitatively explain the electronic effects. As described above, the Co?* electronegativity in
CoVOx is higher as compared to CoOy, while the bond distance between Co?* and O?” increases.
Theoretical models predict that higher metal electronegativity should be followed by lower
interaction with oxygen, thus weaker metal-oxygen bond.3® This can be related to enhanced
oxygen mobility on the surface of the CoVOxy catalyst. The oxidation of CO on cobalt oxide
follows a Mars—van Krevelen mechanism,®!! which implies that higher mobility of lattice
oxygen ions will result to higher reaction rates 3’”. This hypothesis is directly supported by the
fact that CoVOx has higher activity in the 150-200 °C temperature region (Figure 5-1), even if
NAP-XPS analysis shows that the amount of adsorbed carbon species (Figure 5-13) is very
similar in the two catalysts. Therefore V-addition has a dual function on cobalt, first it helps to
stabilize the Co?" phase and inhibit carbonate-induced deactivation and second modifies the
electronic state of Co?" increasing oxygen mobility and in this way enhancing the reaction

kinetics.
5.5 Conclusions

The COPrOx activity of cobalt oxide is significantly improved by introduction of vanadium.
Several ex situ and operando methods were applied to understand the promotion effect

including NAP-XPS and atmospheric NEXAFS at 1 bar. The bulk structure and morphology of
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V-modified catalysts is not significantly influenced as compared to pure cobalt. However,
detailed spectroscopic analysis revealed the formation of a mixed cobalt vanadate phase on the
surface, which does not resemble the known bulk mixed oxides. This phase is formed by
tetrahedrally coordinated V°* and octahedral Co?" species. Both, electronic and structural
effects must be considered to understand cobalt catalyst promotion by vanadium. In particular,
V prevents the oxidation of CoO and provides stable active octahedral Co?* sites for COProx,
resistant to deactivation through carbonate species formation. In addition to that, we found
evidences of modifications in the electronic state of Co?* species induced by V promotion, in
the direction that enhances the reaction Kkinetics. Furthermore, by using NEXAFS at
atmospheric pressure we could show that Co?* species are preserved on the CoVOy surface at
temperature and pressure relevant to the catalytic tests. Overall, the study presented in this
chapter shows that one can use insights from operando surface spectroscopy to design and
produce better COPrOx catalysts. Considering the rising accessibility and availability of these

methods this can be a sustainable strategy for the development of new generation catalysts.
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Chapter 6

Conclusions and Perspectives
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6.1 Summary and General conclusions

Cobalt can be found in three main oxidation states in nature (i.e. Co® CoO and C0304).%"®
What makes cobalt a good catalyst for many heterogeneous reactions is its ability to undergo
facile transitions between these oxidation states acting as a source/sink for electrons. In order
to design an efficient cobalt-based COPrOx catalyst, it is essential to clarify fist the most
active cobalt oxidation state for the reaction of interest. It is known that the surface of a
catalyst under reaction conditions is dynamic and very sensitive to the gas phase environment
and the temperature. For this reason this thesis identified foremost the optimum oxidation
state of cobalt for CO conversion in H, feed stock. In a second step it was attempted to
optimize the reactivity and stability of the most active phase via introduction of another
component as a promoter. In situ and operando techniques, in combination with conventional
structural and morphological characterization methods, were applied in order to identify the

optimum active phase of the cobalt-based catalyst composites.

In chapter 3, pure cobalt oxide (Co304) nanoparticles (NPs) were used as a model system
to investigate the most active oxidation state of cobalt for COPrOx. Although we were aware
of the fact that NPs are far more complex “model systems”, as compared to metal single
crystals or foils, we intentionally made this choice in order to be able to combine the
spectroscopic results with catalytic data recorded in parallel at most of the times. Preliminary
studies in the frame of this thesis (not included in this manuscript) clearly showed that the
catalytic response of planar samples was negligible under the employed conditions. Pure
cobalt NPs after reduction and oxidation pretreatment have shown different catalytic
reactivity for selective CO oxidation in Ho-rich feed gas. The spectroscopic analysis of their
surfaces suggested that the pretreatment has a dominant effect on the oxidation state of cobalt
during COPrOx. In particular, pre-reduced cobalt (PreH2-Co) is much more active than its
pre-oxidized equivalent (PreO,-Co) for COPrOx. In order to compare the intrinsic activity of
the different oxidation states of cobalt, the surface specific activity on two pretreated Co NPs
was calculated based on the Kr-BET surface area measurements. Even after taking into
account the surface area differences between the two catalysts, PreH.-Co remains
significantly more active than PreO»-Co.

Ex situ XRD and TEM results indicate that the nanoparticles have comparable size but
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different oxidation states. In particular, in case of the PreH,-Co sample, the catalyst after
COPrOx reaction contains mixture of CoO and C0304 in the bulk, suggesting oxidation either
during COPrOx reaction or after exposure to air before the ex situ measurements.
Synchrotron-based operando NAP-XPS and NEXAFs were used to monitor the active phase
on the catalyst surface during COPrOx reaction. The Co 2p spectra and Co Lz edge spectra
demonstrate that the surface of PreO2-Co NPs during COPrOx maintains the Coz04 phase,
while under the same reaction conditions CoO dominates on the surface of the PreH,-Co
sample. Considering the pressure gap between spectroscopic study (0.5 mbar) and real
activity tests (1 bar), the effect of reaction pressure on the evolution of the surface cobalt
oxidation state was clarified. The CoO phase on PreH>-Co surface was proved to be able to
sustain in a wide pressure range (from 0.5 mbar to 1 bar) along with comparable reaction
products as a function of temperature. In situ DRIFTs and NAP-XPS results revealed that
more carbonates are formed over CosO4 as compared to CoO during reaction and DFT
calculations elucidate their effect to act as site blockers of the active sites on cobalt. Although
the CoO phase was clearly identified to be more active than Co3zOs4, it was found that it is
exceedingly difficult to be stabilized under COPrOx gas environment. The direct effect of this
is rapid deactivation in the course of the reaction, which is reversible when the catalyst is

reduced again, but it is definitely a limit for the practical application of pure cobalt.

Thus, in chapter 4, efforts have been put to investigate the promotional effect of Mn to
CoOx for COPrOx. The choice of Mn was based on literature results that proposed
Mn-promoted Co catalysts as the one of the most promising combinations for active and
stable CO oxidation cobalt catalysts.3*1° In order to focus on the understanding of the
reactivity and exclude complexities induced by elaborate synthesis methods, Mn has been
simply loaded onto commercial CoOx NPs by the incipient wetness impregnation method.
The comparison of the activity among CoOx, CosMnOx and CoMngOx shows that the addition
of small amount Mn into CoOx improves the reactivity for COPrOx, while Mn-rich cobalt
catalyst (CoMngOy) has the lowest CO conversion towards CO oxidation among all studied
materials. This is expected since pure MnOx is reported to be less active than CoOx for CO

oxidation.®”®

BET, SEM and XRD characterization demonstrated that the addition of Mn into CoOx
inhibits the severe agglomeration of particles caused during pretreatment and reaction,

therefore maintaining the larger surface area in contrast with pure CoOy particles that undergo
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severe agglomeration. NAP-XPS revealed that the CoO phase can be stabilized in the
presence of Mn, but only partially. Besides, the oxidation state of Mn is also dynamic and
changes during the COPrOx reaction. Indications that the transformation of Mn®*" to Mn?*
leads to high reactivity of the unwanted H oxidation were found. Therefore, Mn might bring
positive effects on cobalt by stabilization of the CoO phase, but at the same time it is itself a
“good” hydrogen oxidation catalyst, which is not desired in this case since it consumes

valuable H from the COPrOx reaction feed.

The research described in Chapter 4 revealed that Mn is not an ideal promoter of CoOx for
CO oxidation in the presence of H. and it is worth looking for an alternative and better
promoter to stabilize the CoO phase. After several unsuccessful and time consuming efforts
to achieve this goal, following different approaches (not included in this manuscript),
vanadium was identified as a promising promoter for cobalt-based COPrOx catalysts and the
relevant research is described in Chapter 5. To the best of the author knowledge,
vanadium-cobalt catalyst has not been reported before for this reaction. However, inspired by
the property of vanadium to take various oxidation states, together with recent
electrocatalytic studies reporting that cobalt in CoVOx mixed oxides is stabilized in the
octahedral Co?" state under different conditions,®*%3° we initiated the study of V-promoted
cobalt. As explained before for Mn, the easiest possible method was followed to prepare the

Co-V catalyst by simply loading V from a solution onto CoOx NPs.

The evaluation of the catalytic activity at 1 bar depicted that the addition of V not only
improves the reactivity, but also the stability and notably the CO; selectivity of cobalt for
COPrOx reaction. The XRD patterns indicated that the bulk structure of cobalt was not
influenced by the addition of vanadium, neither after pretreatment, nor during COPrOx
reaction. The vanadium phase was indistinctly observed with XRD, SEM and STEM-EDS
mapping. Element analysis demonstrated that vanadium is well dispersed over cobalt and the
two materials do not mix in the bulk. Definitely, due to the simple synthesis method
employed, the preparation is not optimized and Co and V-rich areas still exist on the catalyst.
H>-TPR measurements inferred that the reduction temperature of cobalt oxide bulk is shifted
to higher temperature, indicating the strong interaction between Co and V as has been also
reported previously.3® All the investigation on structure and morphology indicates that

vanadium forms an amorphous rather than a crystalline phase on the surface.
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In situ surface analysis reveals that the active surface phase of V-modified cobalt is
composed of Co?*and V°" sites. Notably, the cobalt surface of reduced CoVOX is more stable
as compared to pure CoOx, sustaining octahedral Co?" as a dominant surface phase over
CoVOx during COPrOx reactions at the mbar range. X-ray absorption spectroscopic analysis
directly evidenced the formation of a mixed cobalt vanadate phase on the surface. This phase
is formed by tetrahedrally coordinated VV°* and octahedral Co?* species. In addition to that,
simulation of the NEXAFS results using multiplet calculations demonstrated that the distance
of Co?*-0 is modified by the V. This has a likely effect on the reaction kinetics by increasing
the mobility of oxygen bonded to cobalt. In situ NAP-XPS O 1s and C 1s spectra illustrated
that the formation of carbonates is limited on CoVOx surface due to stable active octahedral

Co?*, therefore preventing the deactivation of the catalyst as compared to Co3O.a.

In Chapter 3, it was investigated the pressure gap between NAP-XPS study at ~mbar
pressure and conventional catalytic activity tests (1bar) by performing pressure dependent
XPS characterization in a reactor attached to a conventional XPS setup. In Chapter 5 it was
used a more direct approach by performing an in situ NEXAFS study at 1 bar. This study
demonstrated that Co?* species can be preserved on the CoVOy surface at temperature and
pressure relevant to the catalytic tests. As a conclusion of this thesis, V is proposed as an ideal
promoter of cobalt catalyst for COPrOx following a rational approach for catalyst development
targeting to form, stabilize and maintain the Co?* phase on the surface of the catalyst under
COPrOx conditions.

6.2 Perspectives

In this thesis the optimum oxidation state of cobalt for a maximum COPrOx reaction
activity has been identified. This state is the octahedral Co?* phase in CoO oxide, which
shows much better reactivity as compared to Co®" in CozO4. Evidence for this finding comes
from in situ and operando studies and hopefully will give a conclusive answer to a debate
maintained for years due to many contradicting results reported in the literature on this
topic.2%834! In line with most of the previous in situ surface sensitive studies, it was found that
the surface of cobalt is dynamic and very sensitive to the reaction conditions. Several
transformations in its oxidation state might occur during reaction and this can explain, at least

partly, the controversy in the literature about this issue.
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Although CoO phase is metastable and susceptible to further oxidation to CosO4 during
COPrOx testing, it can be stabilized in the presence of vanadium. This found to have an
immediate effect on the performance of catalyst, in terms of stability with time and
temperature. However, except from the addition of promoters on cobalt catalysts, there are
other approaches that can be used to control the redox ability of cobalt NPs and avoid the
oxidation of Co?* to Co%*.2% QOne of them is to control the interaction between cobalt and the
catalytic carrier (support). There are already literature reports that confirm the effect of the
support to the redox ability of cobalt NPs.® In this thesis, unsupported cobalt particles have
been used primarily to reveal the relationship between cobalt surface oxidation state and
reactivity. This approach reduces the complexity of the catalyst and simplifies the
interpretation of the experimental results, but unfortunately not without consequences in the
catalytic tests. The major one is the low surface area and the fast agglomeration of the studied
catalysts which limits their reactivity. However, most probably, the promoted CoO phase can
be stabilized on a high surface area support and by carefully adjusting the interaction between
Co atoms and support, high dispersion can be achieved. Further efforts can be devoted to
search for a favorable catalytic support which can stabilize the active cobalt state for COPrOx
reaction, maintaining at the same time a high surface area which is suitable for the

applications.

The extraordinary performance of the CoVOx catalyst was ascribed to the stable octahedral
Co?* phase maintained during COPrOx reaction. This thesis demonstrates just the proof of
concept for this catalyst. However, due to time limitations, the catalyst was not optimized.
Evidently, further improvements of CoVOx catalyst’s properties are possible, as for example
an optimum loading of V and better distribution of V on cobalt. Moreover, octahedral Co?*
phase can exist in the bulk of various cobalt vanadates, by forming CoOs octahedrons
coordinated to VOXx unit. 37359381382 However, the performance of different cobalt vanadates
within octahedral Co?* phase for CO oxidation in the absence and/or presence of Hz has
never been studied before. It is interesting to investigate the catalytic performance of these
cobalt vanadates for COPrOx reaction, shedding light on the effect of electronic environment

of Co?*-O bond towards the CO oxidation reactivity.

Understanding of the reaction mechanism is known to be essential for catalysts design. In
this thesis, based on a common conception in literature reports, it was assumed that the

COPrOx reaction on cobalt follows a Mars—van Krevelen mechanism. However, more efforts
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are required to clarify the COPrOx reaction mechanism on promoted and pure CoO catalysts.
Some studies argue that the CO conversion is related to the concentration of OH"
groups.938338 1n Chapter 3, the DFT, DRIFTs and XPS results converge to the fact that
more OH" groups are formed on reduced cobalt surfaces, suggesting that the OH" groups are
involved into the reaction mechanism. Thus, it is necessary to clarify if the reaction
mechanism of CoO for COPrOx is following the traditional Mars—van Krevelen mechanism
(CO + Oy) alone, or also combined with an OH" involving mechanism (CO + OH), or even if
the OH" involving mechanism can be dominant in some cases. To do this, one can combine
the in situ XPS and operando DRIFTs experiments to further study the water dissociation
mechanism on CoO surface and build the correlation between concentration of OH™ groups
and CO conversion. Another possibility could be to perform isotopic labeling experiments

using for example 80 isotopes®®

Last but not least, although a new active phase of cobalt for COPrOx is discovered in this
thesis, the temperature for 100% CO conversion is still too high as compared to noble metal
catalysts and CuOx-CeO- catalysts. The ideal catalyst should start working already at room
temperature (RT) and have high activity and selectivity around 80-100 °C.?° The main
problem with high reaction temperatures in PrOx is the selectivity. Higher temperatures favor
H> oxidation and methanation side reactions which cause an undesired consumption of Ho.
Further work should be devoted to decrease the triggering temperature of the reaction by
optimizing the reaction conditions and synthesis methods of the materials on the basis of the

new findings of this thesis.
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