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RESUME

Des nanoparticules de ferrite de nickel ont été produites par une technique de plasma induc-
tif a jet de solution. En contrélant le ratio Ni/(Ni+Fe) dans la solution de précurseurs, une
grande gamme de nanoparticules monophasées de ferrite de nickel NixFe; xO45 (0 < x < 1)
peuvent étre produites, ainsi que des nanoparticules multiphasées de NiFe,O4 + (Ni,Fe)O. Des
nanoparticules avec deux types de morphologie peuvent étre obtenues dépendant de 1’endroit
ou elles sont recueillies dans le réacteur : des octa¢dres tronqués facettés, ayant une taille
moyenne de 30 nm, ou un petit agglomérat de forme aléatoire, ayant une taille caractéristique
de ~3-5 nm. Pour les nanoparticules multiphasées, il est démontré que la phase (Ni,Fe)O se
dépose de fagon sélective sur les facettes {110} et {111} de la ferrite de nickel, tout en laissant
les facettes {100} exposées. En utilisant la méme procédure, il est également possible de pro-
duire des nanocubes de NiO. Ces résultats démontrent la flexibilité des réacteurs a plasma
inductif pour la production de nanoparticules mono ou multiphasées organisées avec un grand
rendement. Des analyses de DRX in situ sur ces nanoparticules montrent que la réduction avec
H, enleve l'exces d'oxygene de la maille spinelle, si présent initialement, suivi d'une réduction
vers les alliages métalliques (Ni,Fe). Leur réoxydation subséquente avec CO, mene a un ren-
versement partiel du processus de réduction par H,. Les expériences in sifu ont ét¢ analysées
avec un modele cristallin qui lie le parametre de maille d'un spinelle a sa déviation de sa

steechiométrie en oxygene (9).

Mots clés: ferrite de nickel, plasma inductif, nanotechnologie, nanoparticules multiphasées,

analyse in situ.



ABSTRACT

Nickel ferrite spinel nanoparticles were produced by the solution spray induction plasma
technique. By controlling the Ni/(Ni+Fe) ratio in the precursor solution, a wide range of sin-
gle-phased nickel ferrite NiyFe; xO45 (0 < x < 1) nanoparticles can be produced, along with
multiphased NiFe,O4 + (N1,Fe)O nanoparticles. Nanoparticles with two types of morphologies
can be obtained depending on where they are collected in the reactor: facetted truncated octa-
hedrons, with an average size of about 30 nm, or a small-sized random agglomerate, with a
characteristic length of ~3-5 nm. For the multiphased nanoparticles, it is demonstrated that the
(Ni,Fe)O phase selectively deposits on the {110} and {111} facets of nickel ferrite, while
leaving its {100} facet exposed. Using the same procedure, it is also possible to produce
nanocubes of NiO. These results show the flexibility of the induction plasma method for the
production of organized single or multiphased nanoparticles with a high throughput. In situ
XRD catalytic experiments on those nanoparticles show that reduction with H, will cause the
removal of excess oxygen from the spinel lattice, if present initially, followed by a reduction
to metallic (Ni,Fe) alloys. Their subsequent reoxidation with CO, leads to a partial reversal of
the H, reduction process. In situ experiments were enhanced by the development of a crystal-
lographic model that links the lattice parameter of a spinel to its deviation from oxygen

stoechiometry (9).

Keywords: nickel ferrite, induction plasma, nanotechnology, multiphased nanoparticles, in

situ analysis.
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CHAPITRE 1 - INTRODUCTION

Dans le présent contexte du réchauffement climatique, de la baisse des réserves de pétrole
et de 1'émergence de sources d'énergie alternatives, il y a un besoin croissant pour le dévelop-
pement de procédés chimiques novateurs et efficaces afin de relever les défis industriels tels
que la neutralisation de polluants, la production de carburant (avec des méthodes comme le
procédé¢ Fischer-Tropsch) ou le développement de sources d'énergie portatives (telles que les
piles & combustibles a oxyde solide, SOFC). A la pointe de I'innovation dans ces procédés se
trouve le développement de catalyseurs qui opérent par des mécanismes réactionnels nova-
teurs, sont plus efficaces, ont une meilleure sélectivité, ont un colit moindre et/ou ont une du-
rée de vie prolongée, ce qui aura donc pour effet d'augmenter la viabilité du procédé pour les-

quels ils sont utilisés.

Un catalyseur diminue 1'énergie d'activation de la réaction qui est catalysée, avec le bénéfi-
ce net d'accroitre sa vitesse de réaction. En catalyse hétérogene, un des aspects les plus impor-
tants a considérer est l'interaction des réactants avec les sites actifs du catalyseur. Dans le vaste
domaine des catalyseurs d'oxydes métalliques, une sous-classe intéressante est le spinelle
(AB,Oy4, ou A et B sont des cations métalliques) : sa structure cristalline posséde deux types de
sites pour les cations (les sites tétrahédral et octahédral). La structure du spinelle possede plu-
sieurs degrés de liberté avec lesquels elle peut atteindre 1'équilibre [1], ce qui permet un grand
nombre de parametres d’€tre ajustés pour la conception d’un catalyseur de spinelle avec des

propriétés catalytiques utiles [2, 3].

La recherche sur la catalyse utilise traditionnellement des outils de spectroscopie pour son-
der le catalyseur et analyser ses propriétés avant et apres la réaction. La catalyse in situ est une
approche émergente ou des outils et des méthodes sont développés qui permettent au cher-
cheur de sonder le catalyseur pendant la réaction catalytique en utilisant les mémes outils de
spectroscopie utilisés en recherche sur la catalyse traditionnelle [4, 5]. Ces outils ont le bénéfi-
ce additionnel de permettre ’analyse des changements se déroulant dans le catalyseur durant
la réaction, et donc d’améliorer la compréhension du mécanisme de réaction et de désactiva-

tion du catalyseur.
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La ferrite de nickel (NiFe,O4) est un type spécifique de spinelle qui a été étudié pour ses
propriétés intéressantes, entre autre pour son potentiel catalytique; certains auteurs ayant com-
paré plusieurs types de spinelles sous des conditions de réactions similaires ont trouvé que la
ferrite de nickel a généralement une activité catalytique plus élevée [3, 6-9]. Par contre, la
majeure partie des travaux de recherche explorant la catalyse avec un spinelle se concentrent
sur l'optimisation de l'activité du catalyseur; peu se penchent sur l'analyse in situ de catalyseur
de spinelle afin de mieux comprendre le mécanisme de réaction ou les mécanismes de désacti-
vation du catalyseur. Pourtant, avoir une bonne compréhension de ces mécanismes est crucial

afin de choisir des conditions d'opération optimales pour le résultat désiré.

La nanotechnologie est un chemin d'exploration offrant de nombreux avantages pour le dé-
veloppement de catalyseurs novateurs. Entre autres, les nanoparticules ont de trés grands ratios
surface sur volume, et donc une grande concentration de sites actifs par unité de poids de cata-
lyseur. Les sites actifs ont une plus grande probabilité d'étre des sites actifs spéciaux (tels que
les arrétes, interfaces, sommets, coins, etc.) ayant des propriétés uniques. De plus, si un sup-
port catalytique est nécessaire pour la réaction, il est plus facile d'avoir un contact intime entre

un catalyseur nanométrique et le support, facilitant l'interaction entre les deux phases.

Il existe une multitude de techniques disponibles pour la synthése de nanoparticules, cha-
cune ayant son lot d'avantages et d’inconvénients. Une de ces techniques est la synthese par
plasma inductif, qui a comme principaux attraits une grande capacité de production et un po-
tentiel de mise a l'échelle, ce qui devient particulierement intéressant lorsqu'on considére une
production a 1'échelle industrielle. Le plasma inductif est une technique de syntheése en une
seule étape qui est habituellement utilisée pour la synthése de nanoparticules monophasées.
Par contre, au meilleur de nos connaissances, la technique n'a jamais été utilisée pour la syn-
thése de nanoparticules multiphasées et nano-architecturées. De plus, il y a peu de recherches
se concentrant sur la syntheése de nanoparticules de ferrite de nickel par plasma inductif, et ce
qui a été fait se concentre seulement sur les ferrites de nickel stecechiométriques (NiFe;Oq).
Pourtant, selon le diagramme de phase pseudo-binaire du Ni-Fe-O [10], les ferrites de nickel
peuvent étre synthétisés selon une vaste plage de composition chimique (NixFes;Os,
0 <x <1), pourvu qu'une phase de haute température puisse étre stabilisée, ce qui est une des
possibilités offertes par les méthodes plasma. De plus, pour un ratio de Ni/(Ni+Fe) > 0.33, le

diagramme de phase prédit la coexistence de deux phases distinctes, soit la ferrite de nickel
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(NiFe,;04) et un monoxyde (Ni,Fe)O, ouvrant la porte a la synthése de nanoparticules multi-

phasées.

Le but du présent projet de doctorat est d'approfondir notre niveau de connaissances sur les
ferrites de nickel quant a leur synthése par plasma inductif, leur caractérisation et leur compor-
tement lors de réactions de réduction et d'oxydation. Ce projet de doctorat est donc subdivisé

en trois objectifs de recherche :

1. Investiguer la synthése par plasma inductif de nanopoudres de ferrites de nickel sur toute la
gamme de concentration du diagramme de phase Ni-Fe-O;

2. Caractériser de facon extensive ces nanopoudres pour mieux comprendre leurs propriétés
(composition chimique, phases présentes, morphologie, agencement des phases, etc.), et
ainsi mieux comprendre le mécanisme de synthése des nanoparticules dans le réacteur
plasma et I'effet du ratio nickel sur fer sur les propriétés des nanopoudres synthétisées;

3. Analyser ces nanopoudres lors de réactions de réduction et d'oxydation par DRX in situ

afin de mieux comprendre leur comportement thermochimique lors de ces réactions.

Dans cette these, nous démontrons qu'il est possible de synthétiser des nanopoudres de spi-
nelle NiyFe; xO4.5 (0 < x < 1) stables et métastables de facon controlée en utilisant un plasma
inductif, et que 'addition de nickel au-dela de x = 1 méne a la formation d'une phase secondai-
re de (Ni,Fe)O. Nous démontrons ¢galement que ces nanopoudres peuvent avoir soit une mor-
phologie d'octaedres tronqués ou une morphologie d'agglomérat aléatoire de petite taille (~ 3-5
nm), selon I’endroit ou elles sont recueillies dans le réacteur plasma. De plus, la phase se-
condaire de (N1i,Fe)O se dépose sélectivement sur les facettes {110} et {111} du NiFe,O4, tout
en évitant les facettes {100}. De ces résultats, nous démontrons donc pour la premiére fois la
synthése contrdlée de nanoparticules nano-architecturées avec un réacteur a plasma inductif.
Nous avons également développé un modele cristallographique qui lie mathématiquement le
parameétre de maille d'un spinelle NixFes xO45 @ sa composition chimique (x) et a son degré de
non-steechiométrie en oxygéne (3). A partir de ce modéle et d'analyses de DRX in situ sur ces
nanoparticules, nous démontrons que la réduction de ferrite de nickel par 1'hydrogene va indui-
re une transition d'un spinelle de type y a un spinelle régulier, qui sera ensuite suivi d'une ré-
duction vers des phases (Ni,Fe) cubique a faces centrées (en anglais, face-center cubic, FCC)

et/ou cubique centré (en anglais, body-center cubic, BCC). Finalement, nous démontrons
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qu'une réoxydation subséquente de ces nanoparticules par le dioxyde de carbone rend le pro-

cessus en grande partie réversible.

Cette these de doctorat est une theése par articles. Le chapitre 2 est une revue de la littérature
pour cette thése, ou nous couvrons la cristallographie de la structure spinelle et les spinelles
non-steechiométriques, la catalyse avec les spinelles, la synthése de nanopoudres par plasma
inductif, de méme que les techniques de diffraction des rayons-X et de microscopie électroni-
que en transmission. Au chapitre 3, nous synthétisons des nanopoudres de ferrite de nickel
(NixFe; <O4) en utilisant un plasma inductif et nous caractérisons ces nanopoudres. Au chapitre
4 nous utilisons la microscopie électronique en transmission de haute résolution pour caracté-
riser de facon plus poussée les nanopoudres produites au chapitre 3 afin de comprendre leurs
propriétés au niveau du nanométre. Au chapitre 5 nous faisons des analyses de DRX in situ de
ces nanopoudres de ferrite de nickel dans des réactions de réduction et d'oxydation afin de
mieux comprendre leur comportement thermochimique lors de la réaction, et donc mieux

comprendre le mécanisme de réaction sous-jacent.
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2.1 La structure spinelle et la ferrite de nickel (NiFe,0,)

2.1.1 Ciristallographie du spinelle

Le spinelle est une structure cristalline avec la formule chimique MN,X4, ou M et N sont
des cations et X est un anion (O, S, Se, Te) [1]. Selon sa formule chimique et cristallographi-
que, les propriétés et les applications d'un spinelle peuvent étre trés variées. Par exemple, plu-
sieurs ferro-spinelles ont des propriétés magnétiques qui les rendent utiles dans l'industrie
¢lectronique; plusieurs oxydes de spinelle de transition sont des catalyseurs importants dans
des réactions chimiques [11]; CuRh,Ses est un supraconducteur connu [12]; et plusieurs au-
tres. La discussion qui suit est centrée sur la cristallographie de spinelle oxydé (MN,0,), et est

basée sur l'article de revue par Sickafus et al. [1].

Une unité de spinelle (Figure 2.1) est composée de 56 atomes, dont 32 qui sont des anions
(oxygene) et les 24 restants des cations (habituellement des métaux). L'unité typique d'un spi-
nelle a une configuration cubique face centrée, avec le groupe d'espace Fd3m. La structure
spinelle a deux types de sites qui peuvent étre occupés par les cations, habituellement nommés
sites A et B. Il y a 96 interstices disponibles entre les atomes d'oxygene ou les cations peuvent
étre placés, mais seulement une fraction de ceux-ci sont occupés. Les sites A sont occupés par
des cations avec une coordination tétraédrique, pour laquelle il y a 64 interstices disponibles,
mais seulement 8 étant occupés par un cation. Les sites B, par contre, sont occupés par des
cations avec une coordination octaédrique, pour laquelle il y a un total de 32 interstices dispo-

nibles, dont 16 qui sont occupés par un cation.

Une unité de spinelle peut étre divisée en 8 octants sous-réseaux anioniques (Figure 2.1),
chacun ayant un arrangement spatial de type pseudo-cubic closed packed. La cellule conven-
tionnelle de spinelle a la longueur de deux de ces sous-réseaux, ce qui explique le parametre

de maille relativement élevé d'un spinelle (~ 0.8 2 0.9 nm).

Etant donné le principe de neutralité des charges, il est impossible pour un spinelle d'étre
compos¢ d'un seul type de cation qui occupe tous les sites A et B; a la place, le spinelle doit

étre composé d'au moins deux types d'atomes qui ont des états d'oxydation différents. Les ca-
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tions d'un spinelle peuvent avoir des états d'oxydation de soit 3+/2+, 4+/2+ ou 6+/1+, tel que
le Fe;0, (Fe3tFe?t037) et le TiMg,04 (Ti*TMg3t027). Il est également possible d'avoir plus
de deux types de cations différents dans le spinelle (ex: MnyNi; <Fe;O4), de tel cas devant étre

balancés pour avoir une charge nette globale de 0.

a C Q
(o) O
o O
O o
o~ C
A -
O
o
O
{:" @ A-site cation
) © B-site cation
<«——— 08-09nm ———» (_ Xanion

Figure 2.1: Diagramme d'une unité d'une cellule conventionnelle d'un spinelle cubique, montrant les sites
A tétraédriques et les sites B octaédriques. Figure tirée de Sickafus et al. [1].

La distribution des différents cations sur les sites A et B peut varier selon le type de cation.
Pour un spinelle dit normal, 1'ion en majorité (l'ion trivalent pour les spinelles 3+/2+) se re-
trouve sur le site B, tandis que l'ion en minorité (I'ion divalent pour les spinelles 3+/2+) se
retrouve sur le site A. Pareillement, un spinelle dit inverse voit tous ses sites A occupés par
l'ion en majorité, tandis que ses sites B sont occupés en proportion égale d'ions en majorité et
en minorité. Habituellement, la répartition des cations dans la structure spinelle se situe entre
celle d'un spinelle normal et inverse. La formule générale d'un spinelle a deux cations avec
une composition MN,O4 peut étre €crite ainsi :

q+ 20+ 1AV 1y D+ a1 G+ 1By~ 2—
[V My MY NG, 03
2 2
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ou p + et g + sont les états d'oxydation des ions M et N, respectivement, A, et By; sont les
sites tétraé¢driques et octaédriques, respectivement, et i est le degré d'inversion. Pour un spinel-
le normal, i = 0, pour un spinelle inverse, i = 1, et pour une distribution aléatoire des cations

sur les sites A et B, i = %4.

La structure spinelle a trois degrés de liberté qui lui permettent d'atteindre 1'équilibre : le
degré d'inversion i, la déviation de la position des atomes d'oxygene par rapport a leur position
idéale (u), et le parametre de maille (ag). Les valeurs de ag et u dépendent de la nature des ca-
tions dans le spinelle. Par contre, le paramétre d'inversion i varie selon une série de facteurs
plus complexes, incluant 1'historique thermique du spinelle : un recuit permet aux cations de
diffuser plus facilement, ce qui leur permet de se réorganiser de fagon aléatoire. Pour une dis-

cussion plus détaillée des facteurs affectant le paramétre d'inversion, consultez [1].

Pour cette these, la ferrite de nickel référe au spinelle avec la structure NiyFe; <O4, bien que
l'on réfere habituellement au cas ou x = 1 (NiFe,O4). La ferrite de nickel est généralement
considérée comme un spinelle inverse, étant donné la grande affinité du nickel pour le site B.
L'équilibre de phase du systéme Ni-Fe-O a déja été étudiée de maniére exhaustive par Rhamd-
hani et Hayes (Figure 2.2) [10], qui ont démontré que le NiFe,O4 est le seul spinelle thermo-
dynamiquement stable a température ambiante, tandis que la gamme 0 <x <1 est stable a
températures plus élevées (~1400°C). Des valeurs de x > 1 ne sont pas possibles pour la ferrite
de nickel, étant donné qu'un tel cas demanderait d'avoir du nickel ayant un état d'oxydation
plus grand que 2. C'est pourquoi une composition chimique globale de Ni/(Ni+Fe) > 0.33 for-
ce le nickel excédentaire a former plutot la phase du monoxyde (Ni,Fe)O. La ferrite de nickel
a été étudiée pour plusieurs raisons, incluant son potentiel catalytique [13, 14], ses propriétés

magnétiques [15, 16] et son utilité en tant que détecteur pour des hydrocarbures [17].
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Figure 2.2: Diagramme de phase pseudo-binaire du Fe,0;-NiO sous air. Les triangles, étoiles et cercles
représentent des données expérimentales, tandis que les traits en pointillés sont calculés par FactSage [18].
La nomenclature (Fe,Ni);O, de la figure est équivalente a celle de Ni,Fe; ,O4 utilisée dans le texte ci-dessus.
Le cas de x = 0 représente un ratio Ni/(Ni+Fe) de 0, tandis que x = 1 représente un ratio de 0.33. Figure
tirée de Rhamdhani et al. [10].

2.1.2 Spinelle non steechiométrique

La discussion précédente est valide pour les spinelles steechiométriques, définis comme
étant des spinelles avec un ratio de 3 cations pour 4 atomes d'oxygene. Des spinelles non
steechiométriques existent (MN,O45) : dans ce cas, des lacunes sont présentes soit sur les sites
cationiques (0 < 0) ou sur le site oxygene (6 > 0). Un des exemples le plus courant de spinelle
non steechiométrique est la maghémite (y-Fe,O;, ou Fe;6704/Fe;045), qui est un spinelle ou
1/6 des sites B sont des lacunes. Le chapitre 5.4 offre une discussion plus détaillée sur la cris-
tallographie de spinelle non steechiométrique pour le cas spécifique de la ferrite de nickel
(NixFes<045), qui peut ensuite étre généralisée pour les autres spinelles. Nous y démontrons

entre autre que la ferrite de nickel NiyFe; <O4.5 a la formule chimique générale suivante :
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2 2 3 AV | 24 pa2+ 3+ 2—

[NiZt oy Fely via6)- ) FE35 -1+ xciz 4] [le_i Fej(l—x+26)Fe2+x(j—i)—j(1+26)] 0is (6=0)
2 2 2 2
Ay By

2 2 3 -2 2 0 3 -
Nl4+_x(1_1')1:94?1—x+26),1 . Fe&z-sj—9)+4x(i—j)+4j] [NI&Fez}r(l—xﬂ&)D -38 F98J+rs+4x(j—i)—4j(1+25)] 0i~ (6<0)

-5 -5 (7D -5 -5 =5 2a-9) 2(-3) ,

ou x et § sont les compositions chimiques du spinelle, i et j sont les degrés d'inversion du Ni*
et Fe*", respectivement, et O est une lacune sur le site octaédrique. Les ferrites (les spinelles
contenant du fer) sont particulierement intéressantes pour 1'é¢tude de spinelles non stoechiomé-
triques a cause de la transition facile entre Fe*" et Fe’*, ce qui théoriquement permet & une

grande gamme de 6 d'exister.

Les spinelles non steechiométriques peuvent étre créés par 1'oxydation ou la réduction de
spinelle steechiométrique. Par exemple, lorsqu'un débit d'hydrogéne a 290°C est appliqué pen-
dant 4h sur du Fe;O4, celui-ci va réduire a Fe;O;g4 [19], tandis que 1'oxydation de nanopou-
dres de Fe;O4 sous air entre 200 et 300°C va créer de la maghémite [20]. Ces spinelles sont
métastables, ce qui explique pourquoi ils ne sont pas présents dans des diagrammes de phase
expérimentaux [10] ou prédits par des logiciels de simulation thermodynamique tel que Fact-
Sage [18] (a la Figure 2.2, la phase de Fe,O; prédite dans le diagramme de phase est de 1'hé-
matite, donc a-Fe,O3, qui n'est pas un spinelle). La déviation de la steechiométrie crée la force
motrice nécessaire pour que la structure retourne a un état steechiométrique. Dans le cas de
spinelles déficients en oxygene (0 > 0), I'exposition a l'air a température ambiante pendant
quelques minutes est suffisante pour €¢liminer ces lacunes, tandis qu'un échantillon similaire
sous N est stable pour plusieurs heures [19]. Des spinelles en exces d'oxygene (6 < 0) ne vont
pas spontanément réduire a conditions ambiantes (puisqu'ils sont exposés a I'oxygene), ce qui
explique pourquoi des minéraux métastables, tels que la maghémite, sont plus communément
trouvés. Il a été démontré [21] que l'exposition de spinelles en exces d'oxygene a un agent ré-
ducteur cause sa réduction en deux étapes : (1) transformation en des spinelles stoechiométri-

ques, et (2) en des spinelles déficients en oxygene.

Considérant que des valeurs positives de o signifient qu'il y a des lacunes dans le sous-
réseau de l'oxygene du spinelle, il devrait y avoir une valeur maximale 0.,,x au-dela de laquelle
la structure spinelle est instable et se transformera plutot en d'autres phases moins riches en
oxygene (tels que des monoxydes ou des alliages métalliques). La valeur de dyax varie selon

les cations présents dans le spinelle : dpax = 0.06 et 0.15 ont été rapportés pour des ferrites de
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zinc et de manganese [22], respectivement, tandis que des valeurs de 0.27 [23] et 0.58 [7] ont
été rapportées pour la ferrite de nickel. De maniére similaire, il devrait également y avoir une
valeur minimale &y, ou trop de lacunes cationiques rendent la structure du spinelle instable.
Par contre, dans le cas de ferrites, Omin €st habituellement la valeur ou tous les atomes de fer
sont en état d'oxydation +3 (tel que y-Fe,O3, ou 0 = -0.5), plutdt que d'étre contraint par la sta-
bilité de la structure spinelle. Une oxydation subséquente aprés O, n'est habituellement pas
possible, étant donné qu'il n'y a pas de cations qui peuvent changer a un état d'oxydation plus
¢levé. Ainsi, il n'y a pas de changement de phase vers une phase plus riche en oxygene, puis-
qu'une telle phase n'existe habituellement pas. Un résumé de ces observations se retrouve a la

Figure 2.3.

0 0.2 0.4 0.6 0.8 1
X

Figure 2.3: Diagramme représentant les valeurs possibles de x et de 0 pour la ferrite de nickel Ni,Fe; ,O4;.
La zone en rouge représente des combinaisons interdites de x et 9, et délimite donc les valeurs minimales
possible pour 5. Etant donné que les valeurs maximales pour & ne sont pas connues de facon exactes, elles
ne sont pas inscrites a la figure.

2.2 La catalyse avec spinelle

2.2.1 Pourquoi utiliser les spinelles pour la catalyse?

Dans son article de revue décrivant les principes fondamentaux de la catalyse hétérogéne
d'oxydation, Grasseli souligne sept principes de base qui dictent 1'efficacité et la sélectivité

d'un catalyseur [24] :
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1. La maille cristalline du catalyseur doit contenir de I’oxygéne qui peut étre utilisé comme
source d'oxygene afin d'oxyder le composé désiré;

2. Le lien métal-oxygeéne doit étre de force intermédiaire. Si le lien est trop fort, il n'y aura
aucune réaction; si le lien est trop faible, il y aura suroxydation du réactant et la réaction ne
sera pas sélective;

3. La structure cristalline du catalyseur doit contenir de 1'oxygéne, tout en étant capable d'ac-
commoder des lacunes anioniques et rester stable. La structure doit également étre capable
de transférer des €lectrons, et permettre la diffusion de lacunes et d'oxygene de la maille;

4. Le catalyseur doit étre capable d'étre oxydé par l'oxygene afin de restaurer 'oxygene qui
sera perdu lors de la réaction;

5. Les sites actifs du catalyseur doivent étre multifonctionnels et multi-métalliques afin qu'ils
puissent jouer plusieurs fonctions lors du cycle catalytique (tel que la chimisorption des
substrats, l'insertion de I'oxygene sur le substrat, etc.);

6. Les sites actifs de 1'oxygeéne du catalyseur doivent étre assez isolés afin de prévenir la su-
roxydation du produit (vers le CO/CO, et H,O, par exemple), mais doivent étre assez rap-
prochés afin qu'il y ait une quantité suffisante d'oxygéne pour parvenir a la steechiométrie
de la réaction désirée;

7. Lorsque les fonctions catalytiques importantes ne peuvent pas étre performées par une seule
phase du catalyseur, mais plutdt par plusieurs phases, il est important que ces phases coope-
rent de maniére efficace. Une bonne coopération des phases inclut un contact intime entre
celles-ci pour permettre leur coopération a 1'échelle atomique, et ou deux de leurs plans

cristallins sont similaires pour permettre la formation d'une interface cohérente.

Tous ces principes (sauf le dernier) décrivent de maniere adéquate la structure cristalline du
spinelle, tel que démontré dans la section 2.1 : c'est une des raisons pour laquelle la structure
du spinelle est un candidat intéressant en recherche en catalyse. Plusieurs types de spinelles
ont été ¢tudiés dans un grand nombre de réactions chimiques : le Table 2.1 est une liste non-
exhaustive de certaines réactions catalysées par des spinelles de type ferrite qui sont rapportés
dans la littérature. Les spinelles peuvent €tre synthétisés avec une grande variété de cations, ce
qui implique que le lien métal-oxygene (principe 2) peut étre ajusté puisse une réaction parti-

culiere.
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Table 2.1: Exemples de réactions catalytiques utilisant des ferrospinelles

Réaction Catalyseur utilisé Conditions de réactions Réf.
Méthanation du CO, Nig 30F e 6104 réduit par H, T=300°C, H, et CO, au ratio 4:1 [23,27]
Méthanation du CO, Ferrites de Co(II) et Ni(II) réduit T=200°C, atmosphére de H, et CO, [28]

par H,

Réduction du CO, au C Ferrites de Ni(Il) réduit par H, T=300°C, atmosphére de CO, [22,29]
Réduction du CO, au CO Fe;05 4 T=290°C, atmosphére de CO, [19]
Réduction du CO, au CO CuFe,0, et NiFe,0, réduit par Réduction et oxydation in sifu dans un [26]

H, ATG jusqu'a 800°C, atmospheére
H,/CO,
Réduction du CO, Mn,Zn,Fe,O4 et MnNi; ,Fe,04 T=300°C, débit continue CO, [30]
réduit par H,
Réduction du CO, NiFe,O,4 dopé avec cr T=310°C, réduction cyclique avec H, et [31]
oxydation avec CO,
Réduction du CO, Ni,Zn, Fe,0, réduit par H, T=300°C, gaz 10% CO, dans N, [32]
Réduction du CO, CoFe,0y4, NiFe,0, et ZnFe,0, T=300°C, gaz CO, (10% dans He) [7]
réduit par H,
Oxydation du CO au CO, Cu,Mn,_Fe,O4 T=400°C, atmosphére CO, O, et N, [33]
Décomposition thermique NiFe; Oy T=1100 a 1500°C [6]
du H20
Décomposition thermique Fe;04 Température minimum de 2100 K [34]
du HzO
Décomposition thermique NiFe,O, supporté sur ZrO, Procédé en deux étapes a 1400 et [35]
du H,O 1000°C
Water-gas shift Fe;0,4 dopé avec Cr, Ni, Zn, Mn, | T=350 a 550°C, atmosphére de vapeur [8]
Co, CucetCe et CO
Gasification du charbon Ferrospinelle avec précurseurs T=800 a 900°C, atmosphére N, ou CO, [3]
et réduction du CO, au Fe, Co, Mg, Zn, Cd, Mn, Ni et In
CO

Reformage a vapeur du CuFe,0, et NiFe,0, T=800°C, réduction séquentielle par [2]

méthane CHy,, ensuite oxydation par H,O

Reformage a vapeur du NiFe,04 T=800°C, atmosphére CH,, H,O et Ar [14]

méthane
Couplage oxydatif du Fe;0,4, MnFe,0y4, ZnFe,04 T=900°C, atmosphére CH, et H,O [36]

méthane
Couplage oxydatif du ZnFe, ,Nd,O, T=500 a 850°C, 41.6% CH, et 8.4% O, [37]
méthane dans Ar

Les principes 1 et 4, pris ensemble, sont la base de ce que la littérature appelle le mécanis-

me de Mars-van Krevelen, du nom des deux auteurs qui l'ont découvert en 1954. Dans leur

article, les auteurs analysent l'oxydation du benzene, toluéne, naphtaléne et de 1’anthracéne par

I'oxyde de vanadium (V,0s) [25] et décrivent la réaction catalytique par un procédé en deux

étapes :

Composé aromatique + catalyseur oxydé — produits d'oxydation + catalyseur réduit

Catalyseur réduit + oxygéne — catalyseur oxydé
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Ce mécanisme de réaction catalytique peut étre généralisé pour la plupart des produits de
réactions qui peuvent étre oxydés [24]. Dans leur papier, Mars et van Krevelen montrent que
ce mécanisme s'applique également a l'oxydation du SO, au SO; [25]. Dans sa définition la
plus stricte, I'appellation de mécanisme de Mars-van Krevelen ne s'applique qu'aux mécanis-
mes de réaction ou 'oxygene est utilisé¢ pour régénérer le catalyseur. Par contre, d'autres sour-
ces d'oxygene (tel que le CO,) peuvent étre utilisées dans une réaction similaire [19]. Ainsi, le
mécanisme de Mars-van Krevelen peut également représenter une méthode générale qui per-
met la réduction de certains composés. Par exemple, la décomposition en deux étapes du CO,
en carbone ou monoxyde de carbone en utilisant des spinelles ferritiques a beaucoup été étu-

diée, et le mécanisme de réaction suivant a été proposé [26] :
MF6204 + HZ - MF6204_5 + 6H20
MFe,04_5 + CO, - MFe,0, + CO,_g

I1 existe deux approches qui permettent d'opérer une réaction avec le mécanisme de Mars-
van Krevelen. La réaction peut étre opérée dans un procédé cyclique a deux étapes (comme
dans le mécanisme ci-dessus) : la réduction du catalyseur (l'oxydation du réactant) suivie de
I'oxydation du catalyseur (la réduction du réactant). L'autre approche est de combiner ces deux
étapes simultanément, ce qui impose la présence simultanée des agents réducteurs et oxydants
en phase gazeuse. Pour cette seconde approche, il est important que la cinétique de régénéra-
tion du catalyseur soit plus rapide que la cinétique d'oxydation du produit, sinon le catalyseur

se dégradera avec le temps jusqu'a ce qu'il ne soit plus actif [24].

Lors d'une réaction de type Mars-van Krevelen, le catalyseur joue un rdle actif dans la réac-
tion, puisqu'll fait don d'un oxygéne de sa maille pour ensuite le renouveler a partir d'un des
réactants. Cette participation active au mécanisme réactionnel peut ouvrir la porte a plusieurs
réactions secondaires ayant pour effet un changement de phase du catalyseur vers des phases
qui pourraient étre catalytiquement inactives. Ceci aura donc pour effet de mener a une désac-

tivation du catalyseur a long terme.
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2.2.2 Désactivation d'un catalyseur de spinelle

La plupart des réactions chimiques accélérées par un catalyseur ont habituellement un taux
de réaction initial élevé, qui diminue avec le temps. Ce comportement est di a la désactivation
du catalyseur, qui se déroule selon une combinaison de quatre mécanismes possibles : le frit-
tage, I'empoisonnement, la cokéfaction et le vieillissement. Pour une explication détaillée des
principes physiques et mathématiques de ces mécanismes, consultez I'ouvrage de référence par

Fogler [38].

Le frittage d'un matériau est prévisible lorsque la température de réaction est assez élevée;
la régle du pouce généralement acceptée est que le frittage est a prévoir lorsque la température
de réaction est plus grande que la moitié de la température de fusion du matériau. Ceci est en-
core plus vrai pour les nanoparticules, qui sont particulierement susceptibles au frittage. La
plupart des articles récents sur la catalyse avec les spinelles (incluant ceux au Table 2.1) ont
utilisé des nanopoudres de spinelle, ce qui rend le frittage un souci évident. Tsuji et al. [27],
par exemple, démontrent que des nanopoudres de ferrite de nickel synthétisées voient leur aire
de surface spécifique diminuer de 73 mz/g a26 mz/g apres 2 heures de méthanation a 300°C,
tandis que l'aire de surface spécifique de particules plus grandes (9 m*/g) du méme matériau

ne change pas lorsque soumis a des conditions similaires.

Le frittage d'un catalyseur peut étre prévenu, jusqu'a un certain degré, en le supportant sur
un matériau qui est résistant au frittage, tel que la zircone (ZrO,). Par exemple, du Niy.
Fes; xO4/FeO supporté sur du ZrO, permet au catalyseur d'étre utilisé dans une réaction cycli-
que de clivage d'eau a une température de 1000-1400°C avec une bonne activité sur plusieurs
cycles [35]. Des tests sous conditions similaires démontrent que le méme catalyseur non-

supporté n'avait pas une aussi bonne activité ou répétabilité que le catalyseur supporté.

La plupart des articles cités dans le Table 2.1  mentionnent une forme de déposition de
carbone sur le catalyseur apres la réaction, ce qui est commun lors des réactions catalytiques
impliquant des composés carbonés. La cokéfaction peut étre limitée ou inversée en changeant
les conditions de réaction : augmenter la proportion d'hydrogene dans le réactant va modifier
'équilibre vers la formation de CHj, tandis qu'augmenter la température va bouger 1'équilibre
de la réaction de Boudouard vers la formation de CO. Alternativement, il pourrait étre possible

de régénérer le catalyseur en exposant le catalyseur utilisé a de 'oxygene a haute température,
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ce qui brilerait la coke déposée en CO,, ou par gazéification a plus haute température, dans un

environnement réducteur.

Dans certains articles explorant la décomposition en deux étapes du CO, en utilisant des
spinelles ferritiques en tant que catalyseurs, 1'étape de réduction dure un temps excessivement
long (jusqu'a 17 heures, dans un cas) [26, 29, 39, 40], au point ou seulement une phase mo-
noxyde et/ou un alliage métallique restait a la fin. Lorsqu'ensuite exposée a du CO,, cette pha-
se réduite se reoxyde en phase spinelle, démontrant qu'elle est active pour la deuxiéme étape
de ce procédé cyclique. Dans un cas particulier, la phase réduite était plus active qu'un spinelle
déficient en oxygene pour décomposer le CO, vers le CO dans des conditions de réaction si-
milaires [40]. Par contre, ceci n'est pas un procédé complétement réversible : Kodama et al.
[29] ont démontré que lorsque le Fe;O4 est completement réduit vers le a-Fe, sa réoxydation
subséquente par le CO, méne a une carburisation partielle vers la phase Fe;C, qui est inactive
pour la catalyse de cette réaction. Tabata et al. [40], de leur co6té, ont montré que le
Mny 97Fe7,0204,00 se réduit en (Feps7Mng3,)O; une exposition subséquente au CO, cause une
réoxydation vers le Mng23Fe; 770400, di @ une ségrégation du manganése lors de la réduction
qui n'a pas pu étre inversée avec la réoxydation au CO,. Ce qui précede montre des exemples
du vieillissement du catalyseur, et démontre I'importance de comprendre les changements dans
le catalyseur lors de procédés cycliques a plusieurs étapes. Une régénération incomplete du
catalyseur vers son état original pourrait mener a sa désactivation sur plusieurs cycles, tel que

démontré entre autres par Ma et al. [31].

2.2.3 Catalyse opérando / in situ

La plupart des articles cités au Table 2.1 utilisent I'approche traditionnelle en recherche sur
la catalyse, ou des outils de spectroscopie sont utilisés pour sonder les propriétés du catalyseur
avant et apres la réaction. La seule information collectée durant la réaction provient de l'analy-
se de l'effluent de gaz, ce qui permet de faire un bilan de la réaction et donc d'estimer les
changements de l'activité du catalyseur en fonction du temps. Bien qu'utile, cette approche
limite notre compréhension des changements se déroulant dans le catalyseur lors de la réaction
(incluant les mécanismes de désactivation), et donc notre habileté a prévenir ou mitiger ces

changements s’ils ne sont pas désirés.
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La catalyse in situ et la catalyse opérando sont en essor en recherche sur la catalyse, ou des
outils spectroscopiques sont développés qui permettent au chercheur d’analyser le catalyseur
d'une manicre spécifique lors de la réaction [4, 5]. Entre autres, des cellules de réaction in situ
ont été¢ développées qui permettent d'analyser un catalyseur par spectrométrie Raman, diffrac-
tion des rayons-X, absorption des rayons-X ou par microscopie €lectronique en transmission
lors d'une réaction. Ces outils ont I'avantage de donner au chercheur de 1'information complé-
mentaire sur les changements s’opérant dans le catalyseur lors d'une réaction, et donc mieux
comprendre certains aspects de la réaction (le mécanisme de réaction, l'activation ou la désac-

tivation du catalyseur, etc.).

Par exemple, Nordhei et al. [7] ont utilisé des mesures XAS in situ pour mesurer le niveau
d'oxydation moyen du fer dans les ferrites de nickel, cobalt et zinc lors de leurs réduction par
I'hydrogene a 300°C. De ces valeurs, ils ont été capables d'estimer une valeur de 6 lors de la
réaction a 0.58, 0.26 et 0.16 respectivement pour les ferrites de nickel, cobalt et zinc. Par
contre, leurs mesures pour les ferrites de nickel détectent également une faible quantité de
nickel métallique, ce qui indique que la valeur de dnax pour cet échantillon est plus petit que
0.58. A partir de ces constatations et de leurs résultats de catalyse pour la réduction du CO; en
2 étapes, les auteurs arguent que le ZnFe,O4 et CoFe,04 font avancer la réaction grace a une
réaction a I'état solide, tandis que seulement le NiFe,O4 agit réellement en tant que catalyseur
dans la réaction. Un article subséquent par les méme auteurs [9] démontre qu'a 500°C la ré-
duction de ces mémes ferrites est assez rapide, de sorte qu'il devient difficile d'obtenir une

estimation de Opmax.

2.3 Synthése de nanopoudres par plasma inductif

2.3.1 Principes fondamentaux de la synthése par plasma inductif

Il existe plusieurs approches pour la génération d'un plasma. Celles-ci peuvent générale-
ment étre catégorisées selon leur température, leur pression ou par la fagon dont le plasma est
généré. Ainsi, un plasma peut étre généré par deux électrodes appliquant un courant direct,
alternatif, ou a radiofréquences, par l'application de micro-ondes ou par l'utilisation de lasers

[41]. La discussion qui suit sera axée sur les plasma de type RF (par radiofréquence), puisque
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c’est le type de plasma qui a été utilisé au courant de cette thése pour la synthése de nanoparti-

cules.

Un plasma inductif est généré lorsqu'une bobine en spirale est soumise a un courant alterna-
tif de haute fréquence et haut voltage, ce qui crée un champ électromagnétique alternatif au
centre de la bobine qui réchauffe ensuite un élément conducteur s'y trouvant (Figure 2.4). Ain-
si, lorsqu'un gaz passe dans la bobine, un plasma est généré [42]. Les plasmas inductifs sont
capable d'atteindre de hautes températures, de 1'ordre de 10 000 K ou plus, di a la grande

quantité d'énergie du courant alternatif (plusieurs kilowatts).

Lorsqu'un matériau précurseur est injecté dans le plasma, ce matériau sera réchauffé par le
plasma; les trés hautes températures dans le plasma et les grands coefficients d'échange ther-
mique font en sorte que pratiquement tout ce qui est injecté dans un plasma passe a la phase
gazeuse, malgré les temps de résidence relativement bas (~1-500 ms [43]). Lorsque le plasma
entre dans le réacteur principal (voir Figure 3.2 pour un exemple de celui qui est utilis¢ ici),
I'expansion soudaine du volume et l'injection de gaz de refroidissement causent un refroidis-
sement trés rapide du plasma (de l'ordre de 10° K/s [43]), ce qui cause une sursaturation des
vapeurs du matériau précurseur, menant a une nucléation homogene. Lorsqu'un nucléus stable
est formé, les vapeurs restantes du précurseur (et parfois du sheath gas, selon la chimie du
systeme) peuvent se condenser par nucléation hétérogene, menant une croissance des nanopar-
ticules [44]. Selon la conception du réacteur, le profil d'écoulement peut faire en sorte qu'il y
aura recirculation des nanoparticules dans le réacteur, menant a leur croissance additionnelle,
leur éventuelle stabilisation ou leur retour partiel a 1'équilibre. Eventuellement, les nanoparti-
cules s'accumulent sur la surface du réacteur principal, auxiliaire, ou des filtres, ou elles peu-

vent ensuite étre recueillies.

2.3.2 Les avantages de la synthése par plasma inductif

Une grande variété de techniques sont disponibles pour la synthése de nanopoudres. Elles
peuvent étre séparées de manicre générale en trois différentes catégories : les méthodes a bases
chimiques (tel que la co-précipitation ou le sol-gel), les méthodes a bases physiques (plasma,
laser, etc.), ou les techniques a 1'état solide (moulin a bille). Les méthodes a bases chimiques

sont probablement les plus utilisées pour la synthése de nanoparticules en recherche scientifi-
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que, partiellement da a leur facilité d'acces : seulement de la verrerie, un four, les produits
chimiques appropriés et parfois une centrifuge sont nécessaires pour synthétiser des nanoparti-
cules. De plus, considérant que ces méthodes impliquent habituellement plusieurs étapes dis-
crétes, il y a une grande quantité de facteurs qui peuvent étre individuellement modifiés pour
controler les propriétés des nanoparticules synthétisées. Dans ce cas, établir un lien causal
entre les changements d'un paramétre de synthése et le changement résultant dans les nanopar-

ticules synthétisées devient relativement facile.

water cooled
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Figure 2.4: Diagramme simplifié d'une torche pour la génération d'un plasma inductif. Figure tirée de
Vollath [41].

Par contre, ces avantages causent ¢galement un temps total de synthése qui est relativement
¢levé, ce qui rend ces techniques moins intéressantes lorsqu'on considére une production a
l'échelle industrielle. De ce point de vue, la synthése par plasma thermique devient plus at-
trayante puisque c'est une technique en une seule étape qui peut étre opérée de fagon continue
et avec un grand débit de production. Par exemple, une production de 100 g/h de suie avec
environ 40% de nanotubes de carbone mono-parois a déja été rapportée en utilisant des équi-

pements de taille laboratoire [45].

Un autre aspect utile de la technique plasma pour la syntheése de nanopoudres est sa flexibi-
lité : les plasmas thermiques ont été utilisés pour synthétiser une grande gamme de types de
nanoparticules, allant des métaux purs aux alliages de métaux, aux carbures, nitrures, oxydes
et nanotubes de carbone [42]. Ceci est possible principalement en changeant les précurseurs et

en controlant ’environnement de croissance du plasma et du réacteur, ce qui module I'équili-
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bre chimique local et donc la nature du produit final. De plus, les nanopoudres produites par
plasma sont hautement cristallines, malgré le temps de résidence relativement court dans les
réacteur. Ceci permet de s'affranchir de I'étape du recuit post-synthése qui est habituellement
nécessaire pour les nanoparticules produites par voie chimique (qui induit souvent un frittage
indésiré des nanoparticules). Finalement, les hautes températures dans le réacteur plasma et les
hauts taux de refroidissement qui peuvent étre atteints rendent possible la stabilisation de pha-

ses de haute température ou métastables.

Il reste toutefois plusieurs défis associés avec la technique. Les plasmas thermiques requie-
rent un investissement initial en capital relativement élevé, surtout lorsque comparé aux tech-
niques a base chimique [42] (ils sont toutefois moins dispendieux que certaines techniques
laser), ce qui limite leur adoption a grande échelle dans les laboratoires de recherche. De plus,
certaines des conditions les plus importantes pour la synthése de nanoparticules (tel que le
profil d'écoulement et thermique du réacteur) sont seulement contrélées de maniére indirecte
par plusieurs autres parametres (tels que la puissance du plasma, le type de gaz, le type de pré-
curseur de synthése, le débit de précurseur dans le réacteur, etc.). Ainsi, trois approches peu-
vent étre envisagées afin de trouver des conditions de synthése qui sont adéquates pour le ré-
sultat désiré : en se fiant sur nos connaissances générales du plasma et les données de la litté-
rature pour guider les expériences; en mesurant les conditions a l'intérieur du réacteur; ou en
utilisant des simulations informatiques pour calculer les conditions a l'intérieur du réacteur. I

est également possible de combiner plusieurs de ces approches.

Mesurer directement les conditions dans un réacteur a plasma thermique est habituellement
limité par les températures extrémes auxquelles sont soumis les appareils de mesure. Ces ap-
pareils doivent donc étre construits avec des matériaux a haut point de fusion et de maniére a
permettre un refroidissement extensif pour prévenir leur endommagement. De tels appareils
peuvent &tre disruptifs, et leur présence peut parfois affecter la propriété qu'ils doivent mesurer
[46]. Toutefois, certains détecteurs ont été utilisés pour mesurer directement la densité électro-
nique locale ou pour capturer des nanoparticules en vol a un certain endroit dans le réacteur
[46, 47]. Alternativement, il est également possible d'utiliser I'émission optique du plasma

pour mesurer indirectement certaines de ses propriétés, telle que sa température [48, 49].
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Il y a une grande quantité de littérature sur la simulation mathématique de la formation et
croissance de nanoparticules dans un réacteur plasma [44, 50-55]. Ces modéles sont com-
plexes, puisqu'ils combinent une grande quantité de domaines - allant de la dynamique des
fluides et de la dynamique thermique, a I'¢lectromagnétisme, la thermodynamique et la nucléa-
tion de particules - et requiérent également des données physiques précises a haute températu-
re pour le systéme qui est étudié. Avec un tel modele, il est possible d'estimer le profil thermi-
que, le profil d'écoulement ou la distribution de taille des particules dans le réacteur plasma,
qui peuvent ensuite tre utilisé pour guider le chercheur dans ses expériences (Figure 2.5). Par
contre, les modeles sont habituellement limités a des systémes binaires, qui représentent seu-
lement une partie du spectre expérimental qui peut étre couvert par les réacteurs plasma [44]
(et ne couvrent pas les spinelles, qui sont au moins des systemes ternaires). De plus, les mode-
les ne prédisent pas les phases cristallines des nanoparticules qui sont synthétisées, ce qui limi-
te tout de méme leur applicabilité lorsqu'on considére des nanoparticules multiphasées, comme

ce sera le cas au chapitre 4.

La présente thése de doctorat porte sur les nanoparticules de ferrite de nickel, de leur syn-
theése jusqu'a leur analyse in situ lors de réaction de réduction et d'oxydation. La synthése de
nanoparticule sera faite dans un plasma inductif, guidé en partie par des résultats expérimen-
taux afin de trouver des conditions de syntheése qui sont adéquates. Au lieu de mesurer ou mo-
déliser les conditions dans le réacteur, il y aura une plus grande emphase sur la caractérisation

des propriétés des nanoparticules qui sont synthétisées.

2.3.3 Ktat présent de la synthése de nanoparticules par plasma inductif

Une grande variété d'oxydes avec plusieurs types de systémes cristallins ont été synthétisés
en utilisant un plasma inductif, allant du TiO, (dans la configuration anatase et rutile) [56, 57]
aux perovskites [58] et aux spinelles [59-63]. Dans tous les cas, la synthese se fait en ajoutant
une quantité significative d'oxygeéne pur (ou parfois de l'air, en tant que source d'oxygéne) au
sheath gas. La quantité d'oxygeéne ajoutée au réacteur est trés grande comparativement au ma-
tériau qui réagit pour s'assurer que l'oxygeéne ne soit pas le facteur limitant pour la réaction de

synthese.
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Figure 2.5 : Exemple du profil thermique (a) et du profil d'écoulement (b) calculé par simulation mathé-
matique pour un plasma d'argon a une puissance de 5 kW et lors d'une injection d'une poudre de Si-Mo
ou Si-Ti. Figure tirée de Shigeta et Watanabe [44].

Habituellement, la plupart des articles décrivant 1’utilisation d’un plasma inductif pour la
syntheése de nanoparticules se concentrent sur la syntheése de nanoparticules monophaseées. Il y
a toutefois quelques exemples ou de multiples phases ont été produites par plasma inductif.
Par contre, aucun de ces articles ne peut clamer d'avoir une synthése controlée de nanoparticu-
les multiphasées et nanoassemblées. Li et Ishigaki [56], par exemple, ont démontré que du
Ti0; sous les formes anatase et rutile €tait présent de fagcon simultanée sur des nanoparticules
produites par plasma inductif. Par contre, des analyses TEM révelent que les nanoparticules
individuelles contiennent seulement une de ces deux phases et que la morphologie de la nano-

particule change selon sa phase (Figure 2.6), ce qui suggere que l'historique thermique des
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nanoparticules influence grandement leur phase. Un article subséquent par les mémes auteurs

montre qu'un refroidissement plus intense dans le réacteur donne des nanoparticules plus peti-

tes avec une plus grande proportion d'anatase [57].

Figure 2.6 : Images TEM de haute résolution de nanoparticules de TiO, synthétisées dans un plasma Ar-
0, démontrant a) des monocristaux de la phase rutile de forme hexagonale et b) des monocristaux de la
phase anatase de forme sphérique. Figure tirée de Li et Ishigaki [56].

Schiller et al. [58] ont synthétisé des perovskites de LaMnOs, mais du Lay,O3;, Mn3Oy,
LaOCl ou du MnO; sont parfois détectés par DRX. Comme les auteurs I'admettent, la présence
de ces phases est due a une réaction incompléte dans le réacteur plasma, soit parce que la tem-
pérature ou le temps de réaction n'étaient pas suffisants. Dans un tel cas, décrire le processus
comme étant une synthése controlée de nanomatériaux multiphasés n'est pas approprié, parce
que de petits changements dans les conditions du réacteur vont probablement avoir un impact
significatif sur la distribution de phases. Pour obtenir des nanoparticules monophasées, les
auteurs suggerent d'utiliser de I'éthanol plutdt que de 1'eau en tant que solvant pour la solution

de précurseurs, puisqu'il brilera dans le plasma et donc augmentera son enthalpie.

Les nanoparticules produites par plasma inductif ne sont pas mono-dispersées, mais ont
plutot une taille de particule log-normale [57, 59, 64]. Cette distribution de taille traduit les
différents chemins qu'une nanoparticule peut prendre dans un réacteur, ce qui change son
temps de résidence a haute température et donc le temps total ou celle-ci peut croitre. Il est

possible de diminuer la distribution de taille des nanoparticules en utilisant une technique de
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sélection post-synthése, en utilisant par exemple des surfactants [64]. Par contre, au meilleur
de nos connaissances, il n'est pas possible de controler les conditions de synthése dans le réac-
teur plasma pour produire directement des nanoparticules strictement mono-dispersées. Toute-
fois, il est possible de contrdler la taille moyenne des nanoparticules en ajustant le taux de
refroidissement dans le réacteur. Un taux de refroidissement plus élevé va baisser de fagon
plus significative la température a l'intérieur du réacteur plasma, et donc augmenter le degré de
sursaturation des vapeurs précurseurs. Ceci va forcer ces vapeurs a nucléer plus rapidement, et
aura comme effet final une production d'un plus grand nombre de nanoparticules avec une

taille moyenne plus petite.

Li et al. [57] ont étudié les effets de la méthode et de la localisation de I’injection du gaz de
refroidissement dans le réacteur, et ont trouvé qu'une injection en sens inverse est plus efficace
qu'une injection transversale pour diminuer la taille moyenne des nanoparticules. De plus,
l'utilisation d'un grand débit de gaz de refroidissement ou un gaz de refroidissement avec une
grande conductivité thermique (tel que I'hélium) va aussi donner des nanoparticules avec une
plus petite taille. Par contre, dans tous les cas, une distribution de taille log-normale est main-
tenue, avec la présence d’un petit nombre de particules ayant une trés grande taille, et ce, mé-

me dans les cas ou la taille moyenne des nanoparticules est la plus petite.

La morphologie des particules produites avec un plasma inductif peut varier grandement se-
lon les conditions d'opération et le matériau qui est synthétisé. Par exemple, les plasmas induc-
tifs sont utilisés pour sphéroidiser de larges particules (dans l'ordre du micron) [65—67]. Pour
les nanoparticules, la morphologie peut varier en fonction de la nature de cette nanoparticule,
de sa taille et de I’endroit ou elle est recueillie dans le réacteur. Des nanoparticules facettées
sont couramment produites, ce qui suggere que la nanoparticule a atteint (jusqu’a un certain
degré) une énergie minimale vis-a-vis son énergie de surface totale. Des nanoparticules avec la
structure cristalline du spinelle tendent a adopter la morphologie de 1'octaeédre tronqué [68,

69], qui est composé de six facettes {100} carrées et huit facettes {111} hexagonales.

A partir de 'observation que des nanoparticules facettées de spinelle NigsZngsFe,O4 dé-
montrent seulement les facettes {100} et {111}, et aussi que la morphologie de ces nanoparti-
cules tend a changer avec leur taille (Figure 2.7), Swaminathan et al. [69] ont développé un

modele mathématique basé sur la construction de Wulff pour prédire la forme de nucléation et
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de croissance de nanoparticules de spinelles. A partir de ce modele, ils ont démontré que la
seule morphologie stable d'un germe de spinelle est soit un cube parfait ou un octaédre parfait,
tandis que la morphologie de croissance subséquente sera soit un cube tronqué ou un octa¢dre
tronqué. De leur observation que les plus petites nanoparticules de NigsZngsFe,O4 tendent a
avoir une forme d'octaedre, et a partir du degré de troncature qu'ils ont observé pour les nano-
particules de plus grandes tailles, ils ont été¢ capables d'estimer le ratio de 1'énergie de surface

des facettes {100} et {111} entre 0.95 a 1.14 pour cette composition chimique spécifique.

4

Figure 2.7 : Images TEM de haute résolution : (a) et (b) de petites nanoparticules de ferrite ayant une
morphologie octaédrique; (c)-(f) de large nanoparticules de ferrite ayant une morphologie d'octaédres
tronqués avec des ratios de troncature de 0.43, 0.36, 0.36 et 0.43, respectivement. (al)-(fl1) sont les projec-
tions du polyédre correspondant dans des orientations similaires. Figure tirée de Swaminathan ez al. [69].

Dans la synthese de nanoparticules de spinelle par plasma inductif, certains articles rappor-
tent que la composition chimique globale des nanoparticules est la méme que dans la solution
de précurseurs [61, 62], tandis que d'autres rapportent des stcechiométries largement différen-
tes entre les nanoparticules synthétisées et les précurseurs [60, 70]. Ces articles décrivent des

protocoles de synthése qui sont largement similaires, sauf pour une grande différence : dans le
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premier cas, la solution de précurseurs ¢était des nitrates métalliques dans de 1'éthanol, tandis
que dans le second cas, les précurseurs étaient des poudres métalliques qui étaient passées au
moulin a bille avant leur injection directe dans le plasma. L'injection de poudres solides aura
un plus grand impact sur le plasma comparé a la solution de nitrates puisque cela prend une
plus grande quantité d'énergie pour amener les métaux a la phase gazeuse. Il est donc probable
que les poudres métalliques ne s’évaporent pas complétement, ce qui modifie la steechiométrie

des vapeurs métalliques pouvant nucléer.

2.4 Techniques de caractérisation de nanoparticules

Une grande partie des résultats de cette thése ont été obtenus grace a des techniques avan-
cées de caractérisation des matériaux. Cette section aura pour but de faire un survol des tech-
niques qui sont utilisées de facon extensive lors de cette theése (soit les techniques de diffrac-
tion et de microscopie ¢électronique), particuliérement en ce qui a trait aux travaux qui ont été
entrepris. Nous ne nous attarderons pas a une discussion avancée des principes physiques et
mathématiques sous-jacents a ces techniques, qui serait plus appropriée dans un ouvrage de
référence, mais plutdt a une explication du type d'information qui peut étre obtenu par ces

techniques.

2.4.1 La diffraction des rayons-X (DRX)

La DRX est une des techniques les plus répandues pour la caractérisation des matériaux,
permettant 1'identification des phases cristallines présentes dans un échantillon. Un patron de
diffraction expérimental est visuellement comparé a des patrons de référence en appariant
leurs pics de diffraction. Ainsi, la technique est habituellement utilisée de maniere qualitative
afin de confirmer ou infirmer la présence de certaines phases dans I'échantillon. Par contre, s'il
existe plusieurs phases de référence avec des patrons qui s'apparentent, il devient difficile de
déterminer lesquelles de ces phases sont vraiment présentes dans I'échantillon. Ceci est parti-
culierement vrai lorsqu'il y a plusieurs phases dans un échantillon et que certains pics de ces
phases pourraient étre superposés. De plus, la technique est habituellement peu fiable pour la

détection de phases présentes en petites quantités (< ~2 wt%).
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L'affinement Rietveld est une méthode d'analyse des résultats de DRX, nommée apres la
personne l'ayant développée en 1969 [71]. La méthode peut étre décrite comme étant une ré-
tro-ingénierie d'un patron de DRX : si on assume qu'un patron de DRX expérimental est causé
par la présence d'un certain nombre de phases particuliéres (d'habitude identifiées au préalable
de fagon qualitative), chacune de celles-ci ayant une série de propriétés particuliéres (pourcen-
tage massique, parametre de maille, taille de cristallites, etc.), il est possible de calculer un
second patron de DRX théorique via I'application des équations mathématiques fondamentales
de la DRX. Les deux patrons de diffraction sont ensuite comparés, des ajustements sont faits
aux propriétés des phases du modéle, et le calcul est ainsi répété en boucle jusqu'a ce que la
différence entre le patron expérimental et théorique soit considérée comme étant acceptable.
Les propriétés ainsi calculées des phases du patron théorique sont ensuite considérées comme

étant représentatives de 1'échantillon ayant produit le patron expérimental.

L'avantage principal de la technique est qu'elle permet une analyse quantitative des patrons
de DRX. Ainsi, il est possible d'obtenir des estimées trés précises des paramétres de maille des
phases ou de la distribution globale de phase dans I'échantillon. Dans certains cas, comme au
chapitre 4, l'affinement Rietveld permet méme l'identification et la quantification de phases
qui sont dissimulées par d'autres, tel que le monoxide (N1,Fe)O, pour lequel tous les pics de
diffraction sont superposés aux pics du spinelle NiFe,O4. Par contre, une utilisation appropriée
de la technique requiert une bonne connaissance de la structure cristalline des phases qui sont
analysées ainsi qu'une bonne dose de jugement. Par exemple, dans le cas des échantillons de
spinelle NixFes; <O4.5 qui sont analysés lors de cette these, il a €été conclu qu'il n'est pas vrai-
ment possible d'estimer de fagon précise la composition chimique (x) ou le degré d'inversion
du nickel (i) de I'échantillon directement par affinement Rietveld. Bien qu'une variation d'une
de ces valeurs devrait théoriquement avoir un effet sur l'intensité relative des pics de diffrac-
tion du patron de DRX calculé, la différence générée était trop petite pour étre significative.
Ceci est principalement dii au fait que le nickel et le fer interagissent de fagon trés similaire
avec les rayons-X puisqu'ils sont trés proche sur le tableau périodique. C'est entre autres pour
cette raison qu'au chapitre 5 nous développons une technique pour estimer indirectement x ou

0 via le paramétre de maille calculé par affinement Rietveld.



2.4 TECHNIQUES DE CARACTERISATION DE NANOPARTICULES 27

2.4.2 La microscopie électronique en transmission

La microscopie électronique en transmission (en anglais, Transmission Electron Microsco-
py, TEM), est une technique d'analyse de nanoparticules qui est extrémement versatile [72],
puisqu'elle offre un type d'information qui varie grandement selon le mode d'utilisation du
microscope. De fagon générale, le faisceau d'électrons qui est utilisé pour sonder 1'échantillon
peut soit étre parall¢le et irradier une grande zone (mode TEM), ou étre concentré en un point

particulier et ensuite balay¢ sur 1'échantillon (mode scanning, STEM).

L'analyse TEM, utilisée telle quelle et sans équipement additionnel, est utilisée pour obser-
ver directement un échantillon et mieux comprendre sa morphologie. Dans ce cas, les nano-
particules qui sont observées sont une projection orthogonale en 2 dimensions d'un objet tri-
dimensionnel (Figure 2.7, par exemple). La différence de contraste qui est observée d'une na-
noparticule par rapport a une autre, tel qu'observé a la Figure 3.5, n'est pas représentative d'une
différence de propriété entre ces nanoparticules, mais plutot d'une combinaison de la différen-
ce de l'angle du réseau cristallin de la nanoparticule par rapport au faisceau d'électrons et de

I'épaisseur projetée de la nanoparticule.

Lorsqu'un TEM est capable d'opérer a une résolution assez élevée, il est possible de faire
des analyses dites HREM (High Resolution Electron Microscopy). Dans ce cas, la résolution
est assez bonne pour pouvoir détecter les effets de diffraction du faisceau d'électrons passant
au travers de la nanoparticule (Figure 2.6). Ce type d'image a donc l'avantage de pouvoir don-
ner une information cristallographique locale de 1'objet qui est analysé (voir par exemple la
Figure 4.3), permettant entre autres la différentiation de phases particulieres a l'intérieur de
l'échantillon méme. La résolution maximale qui est possible avec un TEM dépend en grande
partie du type d'équipement avec lequel celui-ci est construit, comme par exemple sa source
d'¢lectrons (pointe de W, pointe de LaBg ou bien un Field-Emission Gun, FEG). La résolution
maximale d'un TEM est souvent limitée par l'aberration sphérique de ses lentilles électroma-
gnétiques. Bien qu'il n'est pas possible de construire une lentille électromagnétique qui n'a pas
d'aberration sphérique, il existe depuis peu des lentilles additionnelles qui peuvent étre rajou-
tées a un TEM qui permettent de mesurer et corriger l'effet de l'aberration sphérique et aug-
menter la résolution maximale du microscope. En mode STEM, une différence de contraste

qui est observée sur une image est due a une différence de 1'épaisseur d'un échantillon et/ou
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une différence du numéro atomique moyen traversé par le faisceau d'électrons. Utilisée telle
quel, la méthode est donc bien adaptée a 1'identification de la morphologie des nanoparticules,
et elle est donc complémentaire au TEM. Par exemple, a la Figure 4.2, la méthode STEM
montre de fagon trés claire la forme d'octaédre tronqué ou cubique des nanoparticules, selon

I'échantillon.

La spectroscopie électronique par perte de charge (en anglais, Electron Energy Loss Spec-
troscopy, EELS) est une technique d'analyse chimique dans un TEM [73]. Lorsqu'un faisceau
d'¢lectrons ayant initialement tous la méme énergie interagit avec un échantillon, ceux-ci vont
avoir un profil de perte d'énergie qui va dépendre, entre autres, de la composition chimique
locale ou le faisceau d'¢lectrons a traversé 1'échantillon. Le EELS est un équipement placé
dans un TEM qui peut étre comparé a 1'équivalent pour les €lectrons d'un prisme pour la lu-
miere, puisqu'il permet de séparer un faisceau d'électrons initialement parall¢le selon leur
énergie. Les électrons qui quittent I'échantillon sont envoyés dans le EELS, qui mesure ainsi le
profil de perte d'énergie de ce faisceau d'¢lectrons (le spectre EELS); une composition chimi-
que peut ensuite étre calculée par des méthodes mathématiques bien définies [73]. Le EELS
est particuliérement puissant lorsque combiné au STEM (STEM-EELS), puisqu'il est ensuite
possible d'obtenir un spectre EELS d'un échantillon a plusieurs points particuliers d'un échan-
tillon, et donc observer la différence de composition chimique d'un échantillon sur une distan-

ce de quelques nanometres (voir Figure 4.4 pour un exemple).

2.5 Méthodologie

Dans cette theése, des nanoparticules de ferrite de nickel NixFes;.<O4.5 seront produites par
plasma inductif en explorant toute la gamme de ratio Ni/(Ni+Fe) du diagramme de phase
Fe,03-NiO (Figure 2.2). En procédant ainsi, il sera possible d'observer l'effet du ratio
Ni/(Nit+Fe) de la solution précurseur du plasma inductif sur les propriétés des nanoparticules
qui seront synthétisées : leur composition chimique, leurs phases cristallines, la distribution de
taille des nanoparticules, leur morphologie, et la fagon dont les phases sont agencées une par
rapport a l'autre (dans le cas ou plusieurs phases sont produites). Le but sera donc d'obtenir
une bonne compréhension de la nature des nanoparticules qui sont produites en utilisant les

techniques de caractérisation avancées qui sont décrites ci-haut.
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Lorsqu'un portrait global de ces nanoparticules aura été¢ obtenu, celles-ci seront ensuite uti-
lisées lors de réactions de réduction et d'oxydation. Le but de cette démarche ne sera pas de
trouver des conditions qui maximisent l'activité catalytique des nanoparticules pour une réac-
tion particuliére, mais plutdt de développer une approche expérimentale permettant de com-
prendre la maniére dont ces nanoparticules changent au cours de la réaction. C'est pour cette
raison que, en premier lieu, une réaction relativement simple a été choisie : réduction a I'hy-
drogene, suivi de I'oxydation par le CO,. A priori, la démarche développée pourra ensuite étre

applicable pour n'importe quel type de réaction catalysée avec un spinelle.
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protocole de synthése que celui qui est développé ici. De plus, nous caractérisons les nano-

31


http://dx.doi.org/10.1063/1.4837577

32 CHAPITRE 3 - SYNTHESE DE LA FERRITE DE NICKEL

poudres a l'aide de plusieurs méthodes. Notamment, nous développons la technique d'affine-
ment Rietveld pour ce type de nanopoudres, qui est également utilisée aux autres chapitres
(avec de légers changements pour en améliorer la précision). La caractérisation des nanopou-
dres montre qu'il est possible de synthétiser des nanopoudres avec de multiples phases (dans
ce cas, NiFe,04 + (Ni,Fe)O). Par contre, la manicre selon laquelle ces phases sont arrangées
dans une nanoparticule individuelle est toujours inconnue; le chapitre 4 visera, entre autres, a
répondre a cette question. Dans ce chapitre, les échantillons 1, 2, 3, 4 et 5 correspondent res-
pectivement aux échantillons NF0.0, NF0.08, NF0.17, NF0.33 et NF0.50 dans les chapitres
suivants. Cette nomenclature a été utilisée dans les chapitres suivants pour étre plus descripti-

ve de I'échantillon.
Contribution au document (anglais) :

In this article, we develop the synthesis conditions that allows us to produce nickel ferrite
NixFes xO4 nanopowders in the inductively coupled plasma reactor. The nanopowders that are
used for the subsequent chapters are produced using the same synthesis protocol as the one
that is developed here. Furthermore, we characterize the nanopowders using various methods.
Notably, we develop the Rietveld refinement technique for this type of nanopowder, which is
then subsequently used throughout the next chapters (with some minor tweaks to improve the
accuracy). The characterization of the nanoparticles shows that it is possible to synthesize
nanopowders with multiple phases in some specific reaction conditions (in this case, NiFe;O4
+ (Ni1,Fe)O). However, the way in which these phases are arranged within an individual nano-
particle is still unknown; chapter 4 will aim to answer this question. In this chapter, sample 1,
2, 3, 4 and 5 respectively correspond to sample NF0.0, NF0.08, NF0.17, NF0.33 and NF0.50
in the later chapters. This nomenclature was adopted in the later chapters to be more descrip-

tive of the sample.
Résumé francais :

Des nanopoudres d'un spinelle de ferrite de nickel ont été synthétisées en utilisant un réac-
teur plasma inductif a radiofréquence avec injection d'une solution pulvérisée sur une grande
gamme de compositions (NixFes;<O4, X < 1), avec des poudres métastables produites lorsque x

=0, 0.25 et 0.5. La fluorescence a rayons-X et la diffraction des rayons-X couplée a l'affine-
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ment Rietveld montrent que cette technique de synthése offre un excellent niveau de controle
autant sur la composition chimique que sur la composition cristallographique des nanopou-
dres via le controle du ratio initial de Fe/Ni. La technique donne des nanopoudres hautement
cristallines sans avoir recours a un recuit post-synthése. Un ratio global de Fe/Ni > 2 donne
une phase spinelle NiyFe; O4 pure, tandis qu'un ratio Fe/Ni < 2 fait que le Ni excédentaire se
partitionne dans une phase secondaire de bunsenite (Niy,Fe;4)O. Une analyse morphologique
par microscopie €lectronique en transmission montre que deux types de particules sont produi-
tes dans différentes parties du réacteur : une poudre hautement facettée avec la morphologie
d'un octaédre tronqué, et un agglomérat de plus petite taille et de forme aléatoire. Les particu-
les facettées ont une distribution de taille log-normale, avec une moyenne d'environ 30 nm

tandis que les agglomérats ont une taille caractéristique d'environ 3-5 nm.



34 CHAPITRE 3 - SYNTHESE DE LA FERRITE DE NICKEL

3.1 Abstract

Nickel ferrite spinel nanopowders were synthesised using a solution spray radio-frequency
inductively coupled plasma reactor over a wide range of compositions (NixFe;O4, x < 1),
with metastable powders produced for x = 0, 0.25 and 0.5. X-ray fluorescence and X-ray dif-
fraction coupled to Rietveld refinement show that this synthesis technique offers an excellent
level of control over both the chemical and crystallographic composition of the nanopowder
through the control of the input Fe/Ni ratio. The technique produces highly crystalline
nanopowders without the need for post-synthesis annealing. A bulk Fe/Ni ratio > 2 yields a
pure spinel NixFes; (O4 phase, whereas Fe/Ni ratio < 2 results in the excess Ni partitioning to a
secondary bunsenite (Niy,Fe; x)O phase. Morphological analysis using TEM shows that two
types of particles are produced in different parts of the reactor: a highly faceted powder with
the truncated octahedron morphology and a smaller-sized random agglomerate. The faceted
particles have a log-normal particle size distribution, with an average size of about 30 nm

while the agglomerates have a characteristic length of ~3-5 nm.

3.2 Introduction

An oxide spinel is an FCC structure with the chemical formula MN,0O4, in which M and N
are metallic cations [1]. Two crystallographic sites for the cations are present in the crystal
lattice of the spinel: a tetrahedrally coordinated site (referred to as the A site) and an octahe-
drally coordinated site (referred to as the B site), with twice as many cations present on the B
sites than on the A sites. There is a high degree of flexibility in the spinel crystal lattice with
respect to the type of metallic cation present in the spinel, the relative amount of these cations

and the position of these cations within the crystal lattice. All of these factors can be integrated

. . . . A B
into a generalised formula for the spinel crystal, written as [N MP*]™ [Mip/";N A /2] "oz,
2

in which N and M are the metallic cations of the spinel, g+ and p+ their respective oxidation
states, Ajy and Byy are the tetrahedral and octahedral sites of the spinel structure and i is the
degree of inversion, a measure of the relative position of these cations on both crystallographic

sites. For a normal spinel, i = 0, for an inverse spinel i = 1, and for a random arrangement of



3.2 INTRODUCTION 35

cations within the sites, i = %3. These concepts can be further extended to spinels with three or

more cations in the crystal lattice.

Ni-ferrite spinels (NiFe;O4) in particular have been the focus of many research articles due
to its magnetic properties [16, 74, 75], its use in catalytic reactions [2, 3, 6-8, 14, 22, 23, 27—
29, 35] or its detection capability for carbon-based compounds [17]. In all cases where it was
studied, Ni-ferrite has been shown to be an inverse spinel [1, 74, 76, 77]. The thermodynamics
of the Fe-Ni-O system has been thoroughly studied [10] and it was shown both theoretically
and experimentally that any deviation from stoichiometric NiFe,O, is thermodynamically for-
bidden at room temperature (Figure 3.1). However, at higher temperatures (> 800°C), non-
stoichiometric Ni-ferrite (NixFe; <O4) is thermodynamically allowed for 0 < x < 1; values of
x > 1 are forbidden, instead leading to the formation of two distinct phases: NiFe,O4 and

(Ni,Fe)O.
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Figure 3.1: Pseudo-binary phase diagram of Fe,0;-NiO in air. The vertical red dashed line represents the
Ni/(Ni + Fe) ratios in the precursor solutions during synthesis. Sample numbers refer to those in Table 3.1.
Figure adapted from Rhamdhani ef al. [10].

Nano-sized powders of Ni-ferrite spinels are mostly produced via coprecipitation [2, 3, 6-8,
16, 17, 26, 27, 30, 31, 78], although other methods such as sol-gel or ball-milling are also re-
ported [75, 79-81]. One of the major drawbacks of these methods is their rather intricate and
time-consuming processing steps, including an annealing step to improve the crystallinity of

the material. Plasma processing techniques, on the other hand, have gained recognition as an
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economically viable synthesis method due to their larger throughputs and their relatively short
processing times. Metastable powders that are produced by plasma methods are typically crys-

talline with the noteworthy advantage of not requiring an annealing step [70, 82].

Induction plasma technologies are especially interesting due to their electrode-less design
(allowing for a clean operation), an ease of coaxial feeding of the precursor solution for high
yields, a high flexibility and the possibility of scale-up [42, 83, 84]. Various types of ferritic
spinel nanopowders were produced by induction plasma technologies [60, 62, 63, 70, 85]. Ni,
Mn and Zn ferrites were produced using various types of solid precursors: micron-sized pow-
ders [60, 70, 85], micro-sized powders of metallic alloys [70] or sol-gel produced powders
[85]. In these cases, the reported composition of the synthesized powder did not match that of
the precursor. The lack of transferability of the stoichiometry from the precursor to the product
limits the applicability of this method to produce a nanopowder with a precise control of the
stoichiometry. In Ref [62], on the other hand, Ni/Zn-ferrites were synthesized using a precur-
sor solution composed of Ni, Zn and Fe nitrates in ethanol at a 0.75:0.25:2 ratio, resulting in a
nanopowder with the same stoichiometry as the precursor. These results demonstrate that lig-
uid precursors are necessary to obtain a very precise control over the chemical composition of

the powder produced by induction plasma technologies.

This article demonstrates the feasibility of using a radio-frequency induction thermal
plasma reactor to synthesize Ni-ferrite nanopowders from Fe and Ni liquid precursors. Using a
range of characterisation methods to determine the stoichiometry, crystallography and mor-
phology of these powders, we will demonstrate that this method allows for a very precise con-
trol of the chemical composition with the possibility of stabilizing the spinel phase over a sig-
nificant range of composition spanning from Fe;O4 to NiFe,O4 . The results will be discussed
in terms of the Fe,O3; - NiO equilibrium pseudo binary phase diagram and the kinetics of the

particles formed by solution spray induction thermal plasma synthesis.
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3.3 Materials and methods

3.3.1 Synthesis of nanopowders

Ni-ferrite nanopowders were synthesized in an induction thermal plasma reaction chamber
(Figure 3.2) described in details in a previous publication [46] (with the sampling probe re-
moved). Briefly, the method consists of spraying a precursor solution of aqueous Iron nitrate
(Fe(NO3);9H,0) (Fisher Scientific, purity > 98%) and Nickel nitrate (Ni(NO;), 6H,0)
(Sigma-Aldrich, purity > 97%) at a concentration of 0.65 mol/L of dissolved Ni + Fe coaxially

into an inductively coupled thermal plasma.

Precursor
solution Gas
RE coil : —~atomisation
coils < : probe
Plasma A
-+ - Filters
Main_ | | Auxiliary
Reactor Reactor

Figure 3.2: Schematic of inductively coupled radio-frequency plasma reaction chamber.

Table 3.1 lists the relative metal concentrations used in the precursor solution for the five
synthesized samples. The precursor solution was pumped to a water-cooled gas atomization
probe using a peristaltic pump at a rate of 10 mL/min. The probe was inserted into an induc-
tion thermal plasma torch (model PL50, Tekna Plasma Systems Inc.) by centering the tip of
the probe with the coil of the plasma torch. The plasma torch was connected to a 3 MHz Lepel
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RF power supply, with 30 kW supplied to the plasma torch. The main reaction chamber (cy-
lindrical and water-cooled) was connected to an auxiliary reactor (also cylindrical and water

cooled) attached to a filter unit, in turn connected to a vacuum pump.

Table 3.1: Relative metal concentration in the plasma precursor solution. Total Ni + Fe concentration:

0.65 mol/L. Concentrations are shown as dashed vertical lines in Figure 3.1.
Sample n° 1 2 3 4 5

Ni/(Ni + Fe) (molar) 0 /12 1/6  1/3  1/2

Gases were introduced in the plasma at a controlled rate of 60 slpm O, + 17 slpm Ar for the
sheath gas, 25 slpm Ar for the plasma gas and 11 slpm Ar for the carrier gas. Prior to the injec-
tion of the precursor solution, the working pressure in the chamber was ~120 torr, but quickly
elevated to 200 torr when the precursor solution was added, due to partial deposition of
nanopowders on the filters. The nanopowders deposited on the surface of the main reactor and
the filters were collected and labeled as nM or nF with n referring to the sample number in
Table 3.1 and with M and F referring to the main reactor and filters, respectively, for a total of

10 different samples.

3.3.2 Characterisation of nanopowders

The synthesized powders were used as is without further thermal treatment or calcination
step. The bulk chemical composition of the nanopowder was analyzed using X-ray Fluores-
cence (XRF) technique (AXIOS Advanced apparatus by PANalytical). XRF samples were
prepared by fusing 0.3000 g of a sample with 6.0000 g of 99.5% Li,B407 / 0.5% LiBr using a
THEBEE fluxor from Claisse. Fused beads of WROXI standards from PANalytical were also
prepared with the same method to calibrate the XRF results for many oxide elements (Na, Mg,
Al Si, P, S, K, Ca, T1, V, Cr, Mn, Fe, Ni, Cu, Zn, Sr, Zr, Ba, Hf and Pb) over a wide range of
composition, allowing the determination of the concentration of these elements at both large

concentrations and trace levels in the samples.

The crystallography of the bulk samples was analysed using an X’PERT PRO Multi Pur-
pose Diffractometer from PANalytical equipped with a PIXCel detector using the Bragg-
Brentano geometry and CuKg; radiation (1.541 A) operated at ambient temperature and pres-

sure. Scanning was performed over the 260 range of 20-120°, with a step size of 0.0033 and a
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scan time of 60 s per step. Rietveld refinement of each sample was carried out using the soft-
ware HighScore Plus (v3.0.5) by PANanalytical to determine the relative concentration of
phases, the unit cell parameter of each phase and corresponding crystallite size. Simulation of
the theoretical X-ray powder pattern by Rietveld refinement was performed starting with the
phase NiyFe; O, (with the value of x chosen according to the expected composition of the
phase, see results and discussion), Fe,Os, FeO and NiO, based on the JCPDF files 04-005-
6286, 04-003-1027, 04-004-4812 and 04-005-9695, respectively, from the ICDD database. A
pseudo-Voigt function was used for curve fitting. Phases that were found in small proportions
(<1%) were disregarded from the Rietveld analyses. HighScorePlus was operated in automatic
mode using the built-in automatic steps for size-strain analysis by refining the scale factor, the
unit cell parameter and the factors U and W of the Cagliotti equation (affecting the crystallite
size) for each phase, as well as the overall zero shift of the diffractogram. The background of
each diffractogram was determined manually prior to refinement and was not subtracted from

the diffractogram.

Samples were prepared for transmission electron microscopy (TEM) by first suspending a
sample of the powders into ethanol. A drop of the suspension was then left to dry on either a
200 mesh Cu grid holey or lacey carbon film. The electron microscopy was carried out in
bright field and in diffraction mode using a FEI TF20 field-emission gun operated at 200 kV
equipped with a Gatan Ultrascan camera. The particle size distribution of the nanoparticles in
each sample was estimated by taking a handful of large field of view micrographs and indi-

vidually measuring the size of a large number of particles.

3.4 Results

The XREF results (Figure 3.3) demonstrates that the Ni/(Ni + Fe) ratio of the bulk powder is
equal to the composition of the precursor solution. A small amount of Cu (about 0.2 at%) was
detected in all samples, with no other trace elements conclusively detected. The bulk chemical

composition of the powders collected from the main reactor and the filters was identical.

The experimental XRD patterns, the calculated patterns obtained by Rietveld refinement

and the difference plot are reported (Figure 3.4) for samples 1, 4 and 5 along with a stick pat-
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tern representing the position and intensity of each diffraction peak calculated by the Rietveld
method for each crystallographic phase detected. The data of samples 2 and 3 are not shown,
being very similar to sample 4. No significant difference was observed between the experi-
mental XRD spectra of samples from the main reactor and those from the filters. The crystal-

lographic parameters optimized using Rietveld refinement are outlined in Table 3.2.
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Figure 3.3: Bulk stoichiometry of Ni-ferrite nanopowder with respect to the ratio of Ni and Fe in the
plasma precursor solution measured with XRF. Results from powders collected from the main reactor and
from the filters of the plasma reactor were identical for a given sample.
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Figure 3.4: Experimental spectra (black line), spectra calculated by Rietveld refinement (red line) and
difference plot (purple line) of a) sample 1, b) sample 4 and c) sample 5. The stick patterns represent refer-
ence patterns calculated by Rietveld refinement for each crystallographic phase detected in a given sample.

The goodness of fit, along with the Ry, and Ry, values indicate an excellent fit between the
calculated and experimental XRD patterns. Owing to the similar scattering strengths of Ni and

Fe, varying the Ni:Fe ratio within individual phases for a given sample offered no improve-
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ment to the GOF. Consequently, the Ni/(Ni + Fe) ratio (which determines the value of x) in
the phases NixFe; \O4 and (Niy,Fe;4)O could not be determined solely by XRD, and the results
obtained by Rietveld refinement can only be used to determine the relative amount of each
phase. For similar reasons, the inversion ratio of the spinel phases could not be precisely de-
duced using Rietveld refinement. Nevertheless, a slightly better fit was obtained for i = 1 (the
GOF decreased by < than 2% when changing from i = 0 to i = 1), which is consistent with
the data reported in the literature [74, 76, 77].

Table 3.2: Crystallographic parameters calculated by Rietveld refinement for all 5 samples. Values in pa-

rentheses are the standard deviations calculated from Rietveld refinement for the last digit of this parame-
ter. R,,, = Weighted R profile. R, = R expected. GOF = Goodness of fit.

Sample % Scale Average
o Ryy Rep GOF Phase(s) Phase  factor ag (A) U w Crystallite
(at%)  (x10%) Size (A)
| 124 098 158 Fe;04 95.0 2.15(0) 8.3438(2) 0.0523 (6) 0.0623 (6) 386.1
) ) ) Fe,04 50 0.04(0) 9.3484(7) 0.017(3) 0.027 (6) 683.8

1.09 1.03 1.1l NigpsFep750, 100 2.24(0) 8.3408 (2)  0.0636 (6) 0.0736 (6) 350.1
1.03 1.01 1.02  NigsFe;50,4 100 2.69(0) 8.3397(1) 0.0503(4) 0.0603 (4) 393.7
1.07 0.66 2.62 NiFe,0, 100 8.12(1) 8.33898(6) 0.0400 (2) 0.0500 (2) 441.3
114 088 1.69 NiFe,0, 443  345(1) 8.3423(1) 0.0474 (5) 0.0574 (5) 405.3

) ) ) (Nig,Fe; )O" 5577 692(3) 4.17430(8) 0.118(3) 0.128(3) 257.2
a: The Fe:Ni ratio in the bunsenite phase was estimated from mass balance calculations (see discussion for details).

W HlwN

The morphology and particle size distribution of all samples was analyzed using transmis-
sion electron microscopy (TEM). Representative large fields of view for samples 4F and 5SM
are shown in Figure 3.5a and b, respectively. No obvious morphological difference can be
detected between either samples collected from the filters or between those collected from the

main reactor. The average size and standard deviation of the faceted particles are shown in

Table 3.3.

: S L= &
Figure 3.5: Representative TEM micrographs of the na
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Table 3.3: Average particle size and standard deviation of the nanopowder as observed using TEM. N:
number of nanoparticles analysed per sample; M: Sample collected from the main reactor; F: Sample
collected from the filter (see Figure 3.2). For the samples from the main reactor, the agglomerates were not
taken into account; only the faceted particles were analyzed. To improve consistency in the measurements,
the length of a particle was systematically defined as the distance between its two most distant vertices, as
observed on a micrograph, regardless of the projected shape.

Sample Sample Average particle Standard

n’ position size (nm) deviation (nm)

| M 30.7 17.8 528
F 30.9 18.7 575

) M 31.6 18.6 518
F 29.4 16.0 898

3 M 304 17.5 491
F 29.5 16.4 427

4 M 35.1 20.7 609
F 33.9 19.4 526

5 M 25.5 16.2 399
F 26.9 15.2 543

The TEM results show that individual particles collected from the filters (Figure 3.5a) ap-
pear highly faceted. These faceted particles are also present in the powders collected from the
main reactor (Figure 3.5b), mixed with agglomerates. The relative amount of agglomerates
with respect to the faceted particles varied considerably from one sample to the next. These
agglomerates were always present to some extent in the powders collected from the main reac-
tor and were never observed in the powders collected from the filters. The presence or absence
of agglomerates is the only significant difference between the samples collected from the main

reactor and those collected from the filters.

Figure 3.6 shows the particle size distribution for samples 4F and 5F. Samples 1 to 4 exhib-
ited an identical particle size distribution. For all samples, the size of the faceted particles
ranged between 6 and 160 nm, with a log-normal size distribution. Because of the tendency of
the agglomerates to stay in clusters, it is difficult to obtain a precise average particle size for

them, although the TEM micrographs show a characteristic length ranging from 3 to 5 nm.

Small, but statistically significant differences between the average particle sizes of some
samples can be observed. Samples SM and 5F both have a slightly smaller average particle
size than all other samples (p < 0.01), whereas samples 4M and 4F have a slightly larger aver-
age particle size than all others except 2M (p < 0.01). Samples 1, 2 and 3 (for those collected
from the filters and the main reactor) have average particle sizes that are similar to one another

(p > 0.05).
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Figure 3.6: Particle size distribution of the faceted particles from sample 4F and SF showing a log-normal
distribution.

Selected area electron diffraction (SAED) for all samples was recorded as Debye-Scherrer
ring patterns for samples 4F and 5M (Figure 3.7). The SAED diffractograms of sample 1, 2
and 3 (not shown) were identical to sample 4F. The rings are indexed to the spinel phase, al-
though some of the weaker spinel reflections (such as (222) and (133), kinematically forbid-
den but allowed by double-diffraction) are barely detectable. Therefore, the spinel phase
NixFes<Oy4 is the only significant contribution to the diffraction intensity of sample 4F (and
hence also samples 1 to 3). For sample 5SM (Figure 3.7b) the presence of the secondary bun-
senite phase is confirmed in the SAED by the strong NiO 111 ring at g=0.26 nm™' which over-
laps with the relatively weak 222 ring of the spinel phase. The same phenomenon is observed
with the stronger 004 and 044 NiFe,O4 rings of sample 5M, when compared to those of sam-
ple 4F since they are also overlapped by the 002 and 022 NiO rings, respectively.

3.5 Discussion

In light of the XRF results (Figure 3.3), we demonstrate that an excellent transferability of
the precursor to the nanopowders is achieved using solution-spray induction thermal plasma
synthesis. This is the first time that metastable Ni-ferrites can be produced over such a wide

range of composition.
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a) s b)

AVALVAS ¥ E )
Figure 3.7: SAED patterns of a) sample 4F and b) sample SM. The background-subtracted rotational av-
erages of these diffractograms are superimposed. The peaks are indexed with the reflections of NiFe,0O4. In
b), indexes marked with a * are also assigned to NiO. Comparison of the two diffractograms shows that the
222 NiFe,0, peak observed in b), marked by an arrow, is only contributed by the NiO; reflection.

The calculated crystallographic results from Rietveld refinement (Table 3.2) can be under-
stood in terms of the pseudo-binary Fe,O3 - NiO phase diagram [10] discussed in the introduc-
tion (Figure 3.1). Samples 1 to 4 are composed of a single Ni-ferrite spinel (NixFes; O4), stable
at high temperatures (> 800°C), with NiFe,O4 being the only thermodynamically stable spinel
phase at room temperature. Thus, samples 1, 2 and 3 are considered metastable phases, the
presence of which is indicative of the very fast quenching rates typical to plasma reactors. On
the other hand, the small amount (5%) of hematite (Fe,O3) found in sample 1 indicates that the
quenching speed in the reactor was not quite sufficient to retain all the magnetite formed at
high temperature. This is partly due to the fact that the transition from spinel to hematite is at a
temperature of ~1390°C with no Ni and decreases monotonically with increasing Ni content to

800°C for NiFe,Os.

The two distinct crystallographic phases of sample 5 (44.3 at% NiFe,O4 + 55.7 at%
(Niy,Fe; x)O) can also be fully explained by the phase diagram. Given that Ni does not usually
adopt a 3" oxidation state, x in a NiyFes.,Ox4 spinel phase cannot exceed unity. Consequently,
any excess Ni partitions into a secondary bunsenite phase ((Nix,Fe;)O). It was possible to
indirectly calculate the stoichiometry of the bunsenite phase in sample 5 by combining the
bulk Ni/(Ni + Fe) ratio from XRF and the relative amount of each crystallographic phase from

the Rietveld calculations, yielding a composition of (Nig¢,Feo.1)O.

The calculated unit cell parameter of the spinel phases for samples 1 to 4 decreases with an
increase of their Ni concentration, approximately following Vegard's law. This general trend is
in line with the unit cell lengths reported in a number of JCPDF files of the ICDD database for
Fe;04 (ranging from ~8.38 to 8.43 A) and NiFe,O, (between ~8.32 to 8.35 A). The calculated
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unit cell length of sample 4 (8.3390 A) is within the range reported in the database, although
the calculated unit cell lengths for sample 1 (8.3438 A) is significantly smaller than most of
the Fe;O4 reported in the database. We have yet to explain this discrepancy between our re-

sults and the database.

Interestingly, the unit cell lengths of the NiFe,O4 phase from samples 4 (8.3390 A) and 5
(8.3423 A) are noticeably different, albeit having the same chemical composition. Since the
only difference between the two samples is the presence of an additional (Nigo,Feg;)O phase
in sample 5 (ap = 4.174 A), this secondary phase must be causing the dilation of the NiFe,O,
phase. One hypothesis suggests that a coherent interface develops between both phases, re-
quiring the unit cell length of NiFe,O4 to expand by 0.04 % to match twice the lattice parame-
ter of the bunsenite phase. This implies that in the plasma reactor, an interface is formed be-
tween the bunsenite and the spinel lattice while maintaining lattice coherency. This will be the

object of further studies.

The projections of the faceted particles observed in the TEM micrographs are consistent
with those of truncated octahedrons with the {111} and {100} facets exposed. These are typi-
cal of the equilibrium Wulff shape of crystals having the FCC crystal structure. The presence
of these two types of facets has the potential to confer interesting catalytic properties to the
nanopowder, although the smaller-sized agglomerates in the particles collected from the main

reactor are more likely to exhibit a higher total specific surface area.

The absence of agglomerates in the particles collected in the filters can be understood by
considering the fluid dynamics in the plasma chamber. The chamber was designed such that
the auxiliary reactor acts as a cyclone, to which only particles with a sufficiently large hydro-
dynamic size cross over to the auxiliary chamber and accumulate on the filters. Alternatively,
the small-sized agglomerates build up on the walls of the main reactor. Particles caught in the
filters of the auxiliary chamber are known to have re-circulated in the main chamber and un-
dergone several cycles of melting, quenching and annealing to form the larger, faceted parti-
cles. It was previously shown [46], using the same plasma chamber, that the same type of ag-
glomerates is formed with CeO, nanopowders, and that the size of these particles is highly

dependent on the flow properties within the chamber. A good control over the occurrence of
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these agglomerates can be achieved by adjustment of the quenching rate within the reactor

[86].

The crystallite size deduced from the Rietveld refinement (Table 3.2) and the average parti-
cle size measured from TEM (Table 3.3) show that the average size of the nanopowders are in
the same order of magnitude for all samples. The crystallite sizes deduced from Rietveld are
15 to 50% larger than the average particle size measured by TEM. Given that no standard for
crystallite size was mixed with the samples during XRD acquisition, the TEM results can be

considered more reliable.

The difference between the average particle sizes of some samples is due to minute changes
in the operating conditions. These include the changes of the vacuum level in the reactor dur-
ing synthesis or the variations in the flow rate of sheath/plasma/carrier gas which affects the
hydrodynamic behaviour of the particles inside the plasma reactor, inevitably leading to the
small differences reported here. However, for sample 5, the presence of a (Nigo,Feo.1)O phase
which is ~30% denser than NiFe,O4 would result in a shift of the particle distribution towards
smaller values. This idea is consistent with the slightly skewed distribution of sample 5 to-

wards particle sizes of ~20 nm (Figure 3.6).

The log-normal particle size distribution of the samples has already been observed in
nanopowders produced with similar plasma processes [87], whereas nanoparticle synthesis
produced via chemical routes (such as co-precipitation) will usually lead to a Gaussian size
distribution [16]. Nanoparticles synthesized by co-precipitation can be quite small (around 8
nm), but have a very low crystallinity. This is typically resolved by annealing at high tempera-
tures, which increases the average particle size to values similar to those reported here. Addi-
tional advantages of RF plasma-based processes over chemical routes include a precise control
on the size and distribution of nanopowders. This can be achieved by tuning the cooling rate,
the design of the reactor, the pressure, the precursor solution concentration and the total power

during synthesis, without affecting the crystallinity [42].



3.6 CONCLUSION 47

3.6 Conclusion

Solution spray radio-frequency thermal plasma reactors are very promising for the large-
scale synthesis of Ni-ferrite (NiyFe; O4) nanopowders due to their potential for large through-
puts and the flexibility of the properties of the final nanopowder that is produced. By careful
monitoring and control of the operating parameters, this one-step synthesis method allows the
tuning of the bulk chemical and crystallographic composition (notably the presence of a sec-
ondary (Niy,Fe;x)O phase), the average particle size and the particle size distribution of the
final nanopowder. The very fast quenching rates observed in the reactor also allow the forma-
tion of metastable Ni-ferrite phases (x < 1). Finally, this method has the flexibility to produce
either nano-sized (~ 6-160 nm) truncated octahedrons with the {111} and {100} facets ex-

posed or smaller-sized agglomerates (3-5 nm) with no specific shape or exposed facets.

This large flexibility in the properties of the synthesized Ni-ferrite spinel particles allows
the testing and optimization of these powders to precisely engineer the powder for the applica-

tion for which it is intended.

Further work will be centered on elucidating in greater details the nanostructure of sample
5, which was composed of a mixture of NiFe,O4 and (Nigo,Fey;)O, with the data suggesting
that both of these phases share a coherent interface. More specifically, we would like to better
understand the way in which these two phases coexist using high performance transmission
electron microscopy to shed light onto the growth mechanisms of the nanoparticles during

plasma synthesis.
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donne une modele trés précis des nanoparticules produites par plasma inductif a 1'échelle du
nanometre, & un niveau qui est rarement atteint avec des nanoparticules produites avec cette
technique. L'information obtenue dans ce chapitre est utile afin de mieux comprendre le méca-
nisme de formation des nanoparticules qui sont produites dans la chambre de réaction. De
plus, les résultats dans ce chapitre montrent qu'il est possible de produire des nanoparticules

multi-phasées et nano-architecturées avec cette technique.
Contribution au document (anglais) :

This chapter furthers our understanding of the nature of the nanoparticles that were synthe-
sized in chapter 3 by answering one of its latent questions: how are the phases of NiFe,O4 and
(N1,Fe)O arranged respective to one another? This chapter gives us a very precise model of the
nanoparticles synthesized by induction plasma down to the nanoscale, to a level that is rarely
achieved for nanoparticles produced with this technique. The information obtained in this
chapter is useful in better understanding the formation mechanisms of the nanoparticles in the
reaction chamber. Furthermore, the results in this chapter shows that it is possible to produce

multi-phased and nano-architectured nanoparticles with the technique.
Résumé frangais :

Des nanocristaux de ferrite de nickel (NiFe,O,) et de bunsenite [(Ni,Fe)O] ont été créés par
la décomposition de précurseurs de nitrates de fer et de nickel en utilisant un réacteur a plasma
inductif. La gamme complete de la zone a deux phases du diagramme de phase pseudo-
équilibre de Fe,O3-NiO a été investiguée en produisant des nanopoudres avec des ratios glo-
baux de Ni/(Ni+Fe) de 0.33, 0.4, 0.5, 0.75 et 1.0. Une solution de précurseurs pauvre en Ni
[Ni/(Nit+Fe) < 0.5] produit des nanocristaux en forme d'octaédres tronqués, tandis que des na-
nocubes sont obtenus a des ratios plus ¢élevés [Ni/(Ni+Fe) = 1]. Dans les deux cas, il est dé-
montré que les nanocristaux adoptent une morphologie proche de la forme de Wulff du syste-
me cristallin (spinelle et NaCl, respectivement). Avec une augmentation du ratio Ni/(Ni+Fe)
au-dela de 0.33 (la composition steechiométrique de la ferrite de nickel), la bunsenite est sé-
grégée €pitaxialement sur les facettes {110} et {111} de la ferrite de nickel, tout en laissant les
facettes {100} du NiFe,O4 exposées. Une solution de précurseurs avec un ratio Ni/(Ni+Fe) de

0.75 donne une nanopoudre riche en (Ni,Fe)O avec une morphologie aléatoire et interconnec-
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tée. La structure de ces nanocristaux peut étre comprise par I’historique thermique dans le ré-
acteur plasma. Ces résultats démontrent la possibilité de produire des nanomatériaux multi-
phasés et organisés d'un systéme binaire ayant deux phases stables a haute température, en

utilisant une technique reconnue pour étre facilement mise a 1'échelle.
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4.1 Abstract

Facetted nickel ferrite (NiFe;O4) and bunsenite ((Ni,Fe)O) nanocrystals were grown from
the decomposition of iron and nickel nitrate precursors using an inductively coupled plasma
reactor. The full range of the two-phase region of the Fe,O3-NiO pseudo-equilibrium phase
diagram was investigated by producing nanopowders with bulk Ni/(Ni+Fe) ratios of 0.33, 0.4,
0.5, 0.75 and 1.0. A Ni-poor (Ni/(Ni+Fe) < 0.5) precursor solution produced truncated octahe-
dron nanocrystals, whereas nanocubes were obtained at higher ratios (Ni/(Ni+Fe) = 1). In both
cases, it is shown that the nanocrystals adopt a morphology close to the Wulff shape of the
crystalline system (spinel and NaCl, respectively). As the bulk Ni/(Ni+Fe) ratio increases from
0.33 (the stoechiometric composition of nickel ferrite), bunsenite is epitaxially segregated on
the {110} and {111} facets of nickel ferrite, while leaving the NiFe,O4 {100} facets exposed.
A precursor solution at a Ni/(Ni+Fe) ratio of 0.75 gave an (Ni,Fe)O-rich nanopowder with a
random and irregular interconnected morphology. The structure of these nanocrystals can be
understood in terms of their thermal history in the plasma reactor. These results highlights the
possibility of producing organized multi-phased nanomaterials of binary systems having two

phases stable at high temperatures, using a method known to be easily scalable.

4.2 Introduction

Recent advances in nanotechnology have enabled researchers the freedom to control the
morphology and/or the phase composition of nanoparticles by using a wide variety of synthe-
sis techniques. However, one common disadvantage of most of these techniques is their low
production capability, either due to scaling limitations of the equipment, their long operating
time and/or the large amount of steps required. Induction plasma is a physical-based technique
designed specifically for large-scale synthesis of nanomaterials, allowing yields in the order of
kilograms per hour [43], depending on the type of powder to be synthesized. It is a versatile
technique which has been used to synthesize a large array of nanomaterials, from pure metals
(Al, Cu, etc.), carbides (SiC, B4C, etc.), nitrides (Si3N4, AIN, etc.), oxides (CuO, Al,Os, etc.)
to carbon nanotubes [42, 88]. The very high quench rates (= 10° K/s) and short residence times
(= 500 ms) that are achievable in the plasma [43, 89] allow for a rapid production of
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nanopowders, making it a conceivable alternative in cases where flash annealing of the
nanopowder is desirable [90-92]. Although induction plasma systems are now producing sin-
gle-phase nanopowders for various applications at an industrial scale, there is currently no

report of the controlled synthesis of multi-phased nanomaterials using this technique.

Most methods for the production of multi-phased nanomaterials require either multiple
steps and/or a certain degree of self-organization of the nanomaterial [93]. Considering that
induction plasma is a single-step process, the production of multi-phased nanomaterials using
this technique must necessarily involve some self-organization. The NiFe;O4 / (Ni,Fe)O mate-
rial system is a possible candidate for investigation because the Ni/Fe/O phase diagram pre-
dicts that both phases should be in equilibrium at a bulk Ni/(Ni+Fe) atomic ratio above 0.33
and an excess of oxygen [10]. Furthermore, previous work [94] has demonstrated the possibil-
ity of simultaneously synthesizing both of these phases in an induction plasma. However, the
exact nature of the interface between these two phases, their formation mechanism and a pre-
cise description of the morphology of the resulting nanoparticles remained unaccounted for.
Finally, considering that both of these phases are cubic and that the lattice parameter of
NiFe,04 (= 8.345 A) is almost exactly twice that of NiO (= 4.175 A), this would facilitate the

formation of an epitaxial relationship.

In this paper, we demonstrate for the first time the controlled synthesis of a multi-phased
nanomaterial by induction plasma with a controlled arrangement. Nanoparticles of NiFe,Oy4 /
(N1,Fe)O will be synthesized using this method, and the relative ratio of both phases will be
controlled, which will also allow for an indirect control on the morphology of the nanoparti-
cles. Furthermore, we will use advanced characterization techniques to probe the interface
between those two phases and use these results to better understand the nanomaterial for-

mation mechanisms within the induction plasma.

4.3 Materials and methods

4.3.1 Nanopowder synthesis

Nanopowders of NiFe,O4 / (N1,Fe)O were synthesized using an induction plasma system

described in an earlier publication [94]. An inductively coupled thermal plasma was generated
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using a PL50 torch (Tekna Plasma Systems inc.) to which 30 kW of power was supplied
(3 MHz Lepel RF power supply). The plasma was generated in a cylindrical water-cooled re-
action chamber connected to a cylindrical water-cooled auxiliary unit in which a vacuum-
pumped filter unit was inserted. Gases were introduced in the plasma at a controlled rate of 60
slpm O, + 17 slpm Ar for the sheath gas, 25 slpm Ar for the plasma gas and 11 slpm Ar for the
carrier gas. An aqueous precursor solution of iron nitrate (Fe(NOs3);-9H,0, Fisher Scientific,
purity > 98%) and nickel nitrate (Ni(NOs),-6H,0, Sigma-Aldrich, purity > 97%) with a total
concentration of 0.65 mol/L of dissolved Ni+Fe was coaxially injected (10 mL/min) into the
plasma using a water-cooled gas atomization probe having the tip of the probe centered with
the coil of the plasma torch. The pressure inside the plasma chamber during nanopowder syn-
thesis was = 200 torr. Samples were prepared by varying the Ni/(Ni+Fe) atomic ratio in the
precursor solution; five different samples labeled NF0.33, NF0.40, NF0.50, NF0.75 and NF1.0
were prepared, with Ni/(Ni+Fe) ratios of 0.33, 0.40, 0.50, 0.75 and 1.0, respectively (see Table
4.1). For this study, only particles from the filters were collected and analyzed.

4.3.2 Nanopowder characterization

XRD diffractograms of each sample were collected using an X'PERT Pro Multi Purpose
Diffractometer from PANalytical equipped with a PIXcel'® detector using the Bragg-Brentano
geometry and CuK; radiation (1.541 A) operated at ambient temperature, over the 20 range of
20°-120°, with a step size of 0.0033° and a scan time of 60s/step. Rietveld refinement on each
diffractogram was performed using the HighScore Plus (v3.0.5) software by PANalytical to
determine the relative proportion of each crystal phase and their respective lattice parameters.
Refinement was performed starting with the phases NiFe,O4 and NiO, respectively based on
the JCPDF files 04-005-6286 and 04-005-9695 from the ICDD database. For each phase, the
scale factor, the unit cell parameter (ay), and the Cagliotti parameters were refined, along with
the oxygen displacement parameter for the NiFe,O4 phase [1] as well as the overall zero shift
of the diffractogram. The background of each diffractogram was determined using the soft-

ware's automatic function, and was not refined further during Rietveld analysis.
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The bulk Ni/(Ni+Fe) atomic ratio of each sample was analyzed using X-ray Fluorescence
(XRF): for all the samples the bulk chemical composition of the nanopowder was the same as

that of the precursor solution.

High resolution electron microscopy (HREM) analysis of nanoparticles was achieved using
an objective lens aberration-corrected cold-field emission gun (JEOL ARM?200) operated at
200 kV. Electron energy loss spectra (EELS) were collected across nanoparticles with the
same microscope operated in STEM mode using an electron energy-loss spectrometer image
filter (Gatan, Quantum QE). A detailed TEM methodology can be found as Electronic Sup-

plementary Information (S1).

The ideal Wulff shape morphologies of nanoparticles were calculated using the freeware

Wulffman [95].

4.4 Results

Figure 4.1 shows an example of an XRD diffractogram of the bulk powder for NF0.40,
with the relevant crystal parameters calculated with Rietveld refinement presented in Table
4.1. Table 4.1 shows that a higher bulk Ni/(Ni+Fe) ratio results in a larger proportion of
(N1,Fe)O phase. The onset of formation of (Ni,Fe)O is at an Ni/(Ni+Fe) ratio just below 0.33,
in agreement with the equilibrium phase diagram of the system [10, 94]. For NF0.33, the pres-
ence or absence of the (Ni,Fe)O phase in the Rietveld model did not significantly affect the
overall quality of the fit. When including this phase in the model, it was found to be at a con-
centration of 1.8 w%, which is close to the typical detection limit for conventional XRD. The
(N1,Fe)O phase was included in the final model that is presented here for NF0.33 to better re-
flect the reality of the sample, because the phase was directly observed with TEM in small

quantities on some nanoparticles.

The morphology of all samples was analyzed using STEM-HAADF (Figure 4.2). Truncated
octahedron morphologies were obtained for NF0.33, NF0.40 and NF0.50 (e.g., see Figure 4.2a
for NF0.33), with no discernible morphological differences between those three samples. The
morphology of the particles changes at a higher Ni/(Ni+Fe) atomic ratio: when no Fe is pre-

sent (ratio of 1), the nanoparticles adopt a cubic morphology, with some of the nanoparticles
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exhibiting slightly rounded corners (NF1.0, Figure 4.2c). At an intermediate Ni/(Ni+Fe) level,
no specific morphology can be detected; the nanopowder instead adopts a random and irregu-

lar interconnected morphology (NF0.75, Figure 4.2b).
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Figure 4.1: Experimental diffractogram (black line), diffractogram calculated by Rietveld refinement (red
line) and difference plot (purple line) of NF0.40 (other samples found in the Supplementary Information
section, Figure 4.8). Stick patterns: references obtained by Rietveld refinement (blue: NiFe,O,, green:
(Ni,Fe)O).

Table 4.1: Relevant crystal parameters calculated using Rietveld refinement for all samples. Values in
parentheses are the standard deviation calculated for the last digit. A complete list of calculated parame-
ters found in the Supplementary Information section (Table 4.3).
Sample Bulk Ni/(Ni+Fe)  Phase % Phase a0 (A)
name atomic ratio (Ww%)

NiFe,0, 98.2(1) 8.33917(5)
NFO.33 0.33 (Ni,Fe)O 1.8(1) 4.16888 (8)
NiFe,0, 90.3(2) 8.34099 (6)

NFO.40 0.40 (NL,Fe)O 9.7(2) 4.17440 (7)
NiFe,0, 71.8(1) 8.3420 (1)
NFO.50 0.50 (NL,Fe)O 28.2(2) 4.17440 (7)
NiFe,O, 21.6(1) 8.3420 (1)
NFO.75 0.75 (NL,Fe)O 78.4(1) 4.17517 (4)
NF1.0 1.0 NiO 100 4.17770 (5)

A large number of nanoparticles at a relatively low-index zone axis from NF0.33, NF0.40
and NF0.50 were analyzed with HREM. Both (Ni,Fe)O and NiFe,O4 phases were systemati-
cally observed within each individual nanoparticle. The two phases can be readily differentiat-
ed by their lattice spacings (Figure 4.3a and b). Since the lattice spacing of the inner phase is

twice that of the outer phase, the inner phase is attributed to NiFe,O4 and the outer one to
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(N1i,Fe)O, as per the XRD results (Table 4.1). This assignation is further supported when con-
sidering that the inner phase lattice spacing (dny = 4.75 A) is exclusive to NiFe,Oy. This assig-
nation was systematically confirmed by an EELS linescan conducted perpendicularly to the
interface: in every occurrence where a lattice doubling was observed at the edge of the nano-
particle in the HREM, the average Ni/(Ni+Fe) atomic ratio increased along that edge, thus

excluding the possibility of the lattice doubling being an artefact. Inversely, if no increase of

the Ni/(Ni+Fe) ratio was measured, no doubling of the crystal lattice was observed.

50 nm i , 50 nm 50 nm
Figure 4.2: Sobel-filtered STEM-HAADF micrograph of NF0.33 (a), NFO) and NF1.0 (c).

As an example, Figure 4.3 shows a typical nanoparticle from NF0.50 observed in the [213]
zone axis. The ~1.5 nm-thick zone at the top and lower edges of Figure 4.3a (the blue-shaded
areas), parallel to the [111] planes, has an observed lattice spacing of 4.75 A which is exactly
half that of the inner region. The corresponding Ni/(Ni+Fe) atomic ratio (Figure 4.3¢) meas-
ured across the nanoparticle along the green arrow in Figure 4.3a confirms the higher Ni con-
tent at the edges of the nanoparticle. The equilibrium phase diagram of the Fe-Ni-O system
[10] states that the spinel (Ni,Fe);O4 phase cannot have an Ni/(Ni+Fe) atomic ratio greater
than 1/3 (NiFe,04), whereas the (Ni,Fe)O phase can have a ratio between about 0.5 and 1
(phase diagram available as Electronic Supplementary Material, S4). Thus, the blue-shaded
areas, with atomic ratios > 0.5, correspond to the (Ni,Fe)O phase. The inner region's
Ni/(Nit+Fe) atomic ratio between 0.33 and 0.5 is due to the presence of (Ni,Fe)O at the top
and/or bottom of the nanoparticle intercepted by the electron probe during analysis. In such
case, the measured atomic ratio is the weighted average of the ratio of both of these phases and
produces the apparent ratio between 0.33 and 0.5. Figure 4.3a shows that the surface of

NiFe,04 is unevenly covered with (Ni,Fe)O, with some facets having a larger layer of
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(N1i,Fe)O. Further observations are thus necessary to better understand the nature of the inter-

face between those two phases.
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(NF0.50). b) Zoom-in of the boxed region in a), showing a doubling of the crystal lattice near the edge of
the nanoparticle. This lattice doubling is attributed to the (Ni,Fe)O phase, the interior phase to NiFe,0,. c)
Ni/(Ni+Fe) atomic ratio as measured with an EELS linescan along the green arrow in a). The red dashed
line represents the atomic concentration of stoechiometric NiFe,0,4 whereas the two blue areas on the
extremities coincide with the two regions along the arrow in a). d) Example of a truncated octahedron
observed in the [213] direction, with the square {100} facets shown in red and the hexagonal {111} facets in
blue.

Figure 4.4a shows a nanoparticle from NF0.50 in the [110] direction, while Figure 4.4b
shows a diagram of a truncated octahedron observed in the same direction. The edges inter-
secting the {111} and {100} facets of the truncated octahedron are barely visible in the HREM
(highlighted in orange for better visibility in Figure 4.4f). A closer look at the interface be-
tween NiFe,O4 and (Ni,Fe)O at the top and bottom tips of the nanoparticle (Figure 4.4c)
shows that there are small {110} NiFe,O4 facets on which (Ni,Fe)O is selectively deposited.
Thus, when small amounts of (Ni,Fe)O covers NiFe,O4 nanoparticles, the NiFe,O4 phase re-

veals a small {110} facet at the intersection of two {111} facets, as shown in the diagram in
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Figure 4.4d. In this case, the inner NiFe,O4 phase adopts a rhombicuboctahedron morphology.
The (Ni,Fe)O phase deposits on the {110} and {111} facets of NiFe,O4 in such a way that the
external facets of the nanoparticle as a whole are those of a truncated octahedron.
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Figure 4.4: a) HREM micrograph of an NiFe,O, / (Ni,Fe)O nanoparticle of NF0.50 observed in the [110]
direction. b) Model of a truncated octahedron observed in the [110] direction, with the square {100} facets
shown in red and the hexagonal {111} facets in blue. ¢) Zoom-in of the bottom tip of the nanoparticle in a)
to better visualize the interface between the (Ni,Fe)O and NiFe,0,4 phases. The red lines delineate the loca-
tion of the (Ni,Fe)O phase. d) The same truncated octahedron as in b), but with a small cleavage along the
{110} direction at every intersection of two {111} facets, shown in green, which gives a
rhombicuboctahedron. The orange strips at the top and bottom of the model represents the (Ni,Fe)O phase
directly observed in a). e) Average atomic Ni/(Ni+Fe) ratio of the nanoparticle as measured with an EELS
linescan along the green arrow in f), with the red dotted line representing the concentration of
stoechiometric NiFe,O,, and the blue- and purple-shaded areas representing the corresponding colored
areas outlined in f). f) The same HREM micrograph as in a), superimposed with the different information
obtained from b)-e).

A tip-to-tip EELS linescan of the nanoparticle (Figure 4.4¢) shows five regions with differ-
ent chemical compositions. The two outer portions with Ni/(Ni+Fe) atomic ratios between
about 0.5 and 0.9 correspond to the (Ni,Fe)O regions observed on the HREM. The two inner
regions where the Ni/(Ni+Fe) atomic ratio is consistently below 1/3 are those corresponding to
the volume projected between {100} facets of the NiFe,O4 phase. The regions with a composi-
tion < 1/3 can only be attributed to a single Ni-deficient NiyFe; \O4 phase (x<I), as will be
further explained in the next section. The middle region with an Ni/(Ni+Fe) ratio slightly larg-
er than 1/3 corresponds to the volume projected between {110} facets of the NiFe,O4 phase. A
ratio slightly above 1/3 is due to the presence of a thin film of (Ni,Fe)O above and below the

NiFe,04 core which is intercepted by the electron beam.
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Several observations can be drawn from the particles in Figure 4.3 and Figure 4.4 and from
all the other particles that were found in a low-index zone axis for NF0.33, NF0.40 and
NF0.50 (more than 8 for each sample):

1. The nanoparticles as a whole adopt the truncated octahedron morphology with {111} and
{100} facets exposed;

2. (Ni,Fe)O will selectively segregate on the {110} and {111} facets of NiFe,O4, while the
{100} facets of NiFe,O4 remain exposed. For this reason, the nanoparticles cannot be de-
scribed as core-shell;

3. For all samples, the lattice parameter calculated by Rietveld refinement is twice that of the
(Ni,Fe)O phase, within 0.1%. This allows the direct epitaxial relationship observed between
those phases: (100)nire,0, || (100) (i reyo and [100]xjpe,0, | [100] (i re)o;

4. (Ni,Fe)O was detected in all three samples, although a few nanoparticles from NF0.33 did
not have any;

5. The thickness of the (Ni,Fe)O phase varies in a single particle according to the facet (as
seen in Figure 4.3), due to differences in thickness between the {110} and {111} facets of
NiFe,0y;

6. Although no quantitative relation would prevail, it was generally observed that thicker lay-
ers of (Ni,Fe)O were observed for larger particles and for larger bulk Ni/(Ni+Fe) atomic ra-

tio.

With a sufficiently high bulk Ni/(Ni+Fe) ratio, the proportion of the (Ni,Fe)O phase will be
large enough that it completely envelops the NiFe,O4 phase, as was observed with NF0.75
(Figure 4.5a). As with the earlier results, the two different phases can be identified by the dis-
tinctive lattice spacing of NiFe,O4, as shown in the close-up in Figure 4.5c. In this case, the
(N1,Fe)O phase encapsulates unevenly the NiFe,O4. As expected, the EELS linescan across
the selected nanoparticle reveals two regions with different chemical compositions, coinciding
with the two phases identified in the HREM. The composition of the region where NiFe,Oy is
present is much richer in Ni compared to stoechiometric NiFe,O4 due to the presence of a sig-
nificant amount of (Ni,Fe)O in the beam's path. Furthermore, the large variation in the chemi-
cal composition within this region attests to a variation in the total thickness of (Ni,Fe)O, as
expected from the irregular morphology of the nanoparticle. The Fourier transforms in Figure

4.5d and e show that the nanoparticle is mostly crystalline, although the diffuse intensity in the
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(N1,Fe)O region indicates that this phase is partly amorphous. In the (Ni,Fe)O region, a few
small (< 2 nm) pockets with a doubled lattice spacing are detected, which are thus attributed to
NiFe,04. Since these regions are not along the EELS linescan, there is no chemical infor-
mation which can be correlated with those regions. Due to this irregularity in the morphology,
complementary techniques which give a global interpretation of the chemical composition of

nanoparticles, such as EFTEM, become more viable.
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Figure 4.5: a) HREM micrograph of a single nanoparticle from NF0.75 in the [318] direction. Two phases
are visible in the nanoparticle, with the NiFe,O, spinel phase delimited by the red dashed line, determined
by the observed lattice spacing. b) Average Ni/(Ni+Fe) ratio of the nanoparticle as measured with an EELS
linescan along the green arrow in a), with the red dashed line representing the concentration of
stoechiometric NiFe,0Q,4, and the red- and blue-shaded areas corresponding to the same-colored areas out-
lined in a). ¢) Zoom-in of the NiFe,0,/ (Ni,Fe)O interface. d) FFT of the (Ni,Fe)O region of the nanoparti-
cle delimited by a blue square in a). ¢) FFT of the NiFe,0, region of the nanoparticle delimited by a red
square in a).

Figure 4.6a shows a zero-loss energy-filtered micrograph from a single nanoparticle of
NF0.75: many regions with seemingly different lattice spacings can be observed. EFTEM im-
aging of the area using the Ni and Fe L, 3 edges (Figure 4.6b) shows that Ni and Fe are both
present throughout the nanoparticle, albeit with some segregation of Fe. A phase analysis of
the zero-loss HREM is shown in Figure 4.6¢ in which the 022 spot exclusive to NiFe;Oy4 is
mapped in red: these regions coincide with those of high Fe concentration measured with
EFTEM. Hence, the nanoparticles from NF0.75 cannot be thought of as a single NiFe;O4
phase surrounded by a layer of (Ni,Fe)O; instead, they are aggregates of NiFe,O4 of varying

sizes embedded within a matrix of (Ni,Fe)O. For this sample, there is no homogeneous phase
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due to the composite nature of the nanoparticles, which explains the random morphology that

was observed.

b8 [04&]N1FEZO4/[022]N10
Figure 4.6: a) Zero-loss EFTEM micrograph of an NiFe,O4 / (Ni,Fe)O nanoparticle of NF0.75, showing
islets of NiFe,O,4 surrounded by a matrix of (Ni,Fe)O. b) Combined EFTEM image of the Fe L, ; edge (red)
and the Ni L, ; edge (blue) of the same region as in a). ¢) Superposition of the inverse Fourier transform of
the amplitude of the [OZE]NiFeZO ,Spot in the original HREM (red) and the inverse Fourier transform of the

coinciding [044]yire,0,/[022] (niFe)o SPots (blue).

As shown in Figure 4.2¢, when no Fe is added to the precursor solution, cubic nanoparticles
of NiO are formed, where only {100} facets are exposed. However, HREM analysis shows
that the intersection of two {100} facets is locally ragged, being formed by a series of very
small succeeding 111 and 111 facets, giving these edges a saw-tooth shape. An example of
such a particle is shown in Figure 4.7. The saw-tooth pattern can clearly be observed in the
close-up in Figure 4.7b. On the other hand, Figure 4.7c shows that the surface is mostly
smooth along the {100} facets.

4.5 Discussion

The results presented in this report demonstrate the feasibility of synthesizing multi-phased
nanomaterials using induction plasma systems. The presence of both the NiFe,O; and
(N1,Fe)O phases and the faceted morphology of the nanoparticles (except for NF(.75) are in-
dicative that the nanosystems have achieved an equilibrium state. This state has been attained
despite the very high quench rates (~10° K/s) and short residence times (~500 ms) typical to
plasma synthesis methods [43]. This is mostly due to the very high temperature gradients
within the plasma reactor allowing for the very rapid growth of the phases and the short diffu-

sion lengths typical to nanostructures.
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Figure 4.7: a) HREM micrograph of an NiO particle (NF1.0) in the [110] direction. The inset shows the
FFT of the nanoparticle. b) Zoom-in of the 110 edge of the nanoparticle along the blue-dashed box in a),
showing a local saw-tooth pattern due to small 111 and 111 facets. ¢) Zoom-in along the {100} facet along
the red-dashed box in a), showing that the nanoparticle is flat along that edge.

The plasma reactor was designed to have a recirculation of the nanoparticles within the re-
actor which allows the particles to be “flashed annealed”. In the reactor, the nanoparticles un-
dergo a rapid cycle of heating and quenching at temperatures somewhat cooler than the vicini-
ty of the plasma torch. The particles which have barely circulated, being of a smaller size, are
rapidly projected on the walls of the main reactor. Alternatively, the particles which have a
larger degree of recirculation will instead accumulate on the filters. The large temperatures
and the large temperature gradients (i.e. quench rates) inside the plasma allow for the stabiliza-
tion of high temperature phases. We have previously demonstrated that, at a bulk Ni/(Ni+Fe)
atomic ratio <1/3, it is possible to stabilize a large range of nickel-deficient ferrites
(NixFes<04, 0<x<1), even though a mixture of NiFe,O4 and Fe,O; would have been expected
from the phase diagram at room temperature [94]. It was also shown that the particles collect-

ed from the main reactor and the filters were similar in terms of phase and crystallinity. This
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indicates that the recirculation is not expected to affect the nature of the phases of the nanopar-
ticles, even in cases where multiple phases are formed. With the current reactor set-up, there is
about an equal amount (by weight) of nanoparticles that were collected from the main reactor
and the filters, but this can be adjusted with the reactor geometry and some synthesis parame-

ters, mostly by adjusting the flow patterns within the plasma.

For the Ni/(Ni+Fe) atomic ratios used in this report, a mixture of nickel ferrite (NiFe,Oy)
and bunsenite ((Ni,Fe)O) is expected from the phase diagram at temperatures below the
bunsenite solvus line (including at room temperature). From the composition of the phases,
one can estimate that the effective stabilization temperature of the nanoparticles within the
plasma is between 1300 and 1500°C. As shown in Figure 4.4e, the Ni/(Ni+Fe) atomic ratio of
only the NiFe,O4 phase (as measured along the {100} facets) averages to ~0.30, making it
slightly nickel-deficient. The (Ni,Fe)O phase, on the other hand, has a measured Ni/(Ni+Fe)
ratio between 0.5 and 0.8, as seen in Figure 4.3c and Figure 4.4e. According to the phase dia-
gram of the system [10], the solubility of Fe in bunsenite is less than 1% at room temperature,
but can be as high as 50% at 1600°C. Furthermore, the phase diagram predicts a slightly nick-
el-deficient NixFe;.<O4 (x<1) phase above 1300°C. We can thus define the effective stabiliza-
tion temperature of the nanoparticles as the temperature at which they can be considered at
equilibrium on the phase diagram. The compositions measured with EELS gives a range of
effective stabilization temperature of 1300-1500°C, consistent with the phases obtained for

NiXFe3_XO4 (X< 1 )

Mathematical modeling of a plasma reactor with moderately comparable conditions has
shown that the expansion zone of the reactor next to the top flange, where recirculation is the
strongest, can easily reach temperatures of 1500-3000 K with steep temperature gradients,
estimated to > 10° K/s [53]. Considering that the melting point of NiFe,O, / (Ni,Fe)O is of
about 1900 K [10], we can expect nanoparticles in a recirculation zone to undergo a rapid se-
ries of melting and solidification. Rapid ejection of the nanoparticles from this zone will lead
to their violent quenching, which would allow them to stabilize high temperature phases ob-

served herein.

In our previous report, we have shown a difference in the morphology of the nanoparticles

depending on where it was collected. Those from the filters adopted a facetted morphology
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with an average size of about 30 nm and a log-normal particle size distribution, whereas those
from the main reactor formed a small-sized agglomerate with no distinct morphology or facet-
ing [94]. Thus, the main effect of the recirculation is in providing conditions for the nanoparti-
cles allowing for their growth into an energetically favorable morphology. Considering that no
surfactants are used during plasma synthesis, the growth morphology of the nanoparticles is
expected to be similar to its equilibrium morphology. The equilibrium morphology of a parti-
cle (the Wulff shape) can be calculated by the ratio of the surface energies of the different fac-
ets of that material [95]. The geometry of the majority of particles from NF0.33, NF0.40 and
NF0.50 can best be matched by simulated Wulff shapes of truncated octahedrons where
¥111/Y100 = 0.85, as calculated using the Wulfman software. The truncated octahedron is the

Wulff construction for many materials with the spinel crystal structure [96].

These nanoparticles adopt the truncated octahedron morphology despite the presence of a
significant amount of (Ni,Fe)O (up to ~28 w% for NF0.50). When the (Ni,Fe)O phase covers
the {111} and {110} facets of NiFe,Os, the relative area of the {100} facets of bunsenite actu-
ally expands, which is consistent with the tendency of the nanoparticles to minimize its sur-
face energy. If the (Ni,Fe)O were to accumulate on the {100} facets of the NiFe,O4 phase, the
system would quickly complement the truncated volume to form a regular octahedron with
only {111} facets exposed. As shown in Figure 4.7, this is likely an energetically unfavorable
state for (N1,Fe)O. Considering that these nanoparticles have two phases, the interface energy
between NiFe,O4 and (N1,Fe)O is an additional factor that influences the equilibrium shape of
the nanoparticles. This interface energy has not been measured, but is believed to be low [97],
especially when considering the epitaxial interface between the two phases. Thus, the effect of
the interface energy on the equilibrium morphology of the nanoparticle is likely to be low as

well.

The nanoparticles from NF1.0, on the other hand, adopted a cubic morphology with slightly
rounded corners (Figure 4.2¢) and jagged <110> edges (Figure 4.7). Materials with the
rocksalt crystal structure usually have a perfectly cubic Wulff shape [98]. This discrepancy is
likely due to the fact that the nanoparticles have not quite achieved equilibrium. Considering
that larger particles require a greater amount of energy to achieve equilibrium compared to

smaller ones, discrepancies like these are expected to be more common with larger particles.
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The random and irregular interconnected morphology observed for the nanoparticles of
NFO0.75 can be described as a transitional state between the cubic and truncated octahedron
morphologies: with both crystallographic phases trying to adopt a different shape, the nano-
particles will evolve towards a ”frustrated” morphology. We know that these transitions occur
at Ni/(Ni+Fe) atomic ratios between 0.5 and 1. Further experiments would need to be conduct-
ed with more samples with varying Ni/(Ni+Fe) ratios to further observe these transitions and
better understand their mechanisms. However, at large Ni/(Ni+Fe) ratios, we suspect that the
transition between the irregular interconnected morphology and the cubic morphology coin-
cides with the solubility limit of Fe in (Ni,Fe)O at the effective stabilization temperature of the
nanoparticles. In other words, if a small amount of spinel phase is detected, the nanoparticle

will most likely adopt the irregular morphology.

From the nanoparticle growth mechanisms we have discussed, we believe it is possible to
synthesize a large array of multi-phased nanomaterials with induction plasma using the tech-
nique presented in this paper. However, for this technique to work, there needs to be a certain
degree of immiscibility of the phases that are to be synthesized. The existence of a two-phase
region on the phase diagram at a relatively large temperature is a necessary condition for the
production of such nanoarchitectured systems. Quenching from such two-phase region will
create the driving force necessary for the self-organization of the nanoparticle. Since the tem-
perature profile of the plasma and the quench rate can be controlled to a relative degree (main-
ly through the input power and the quench gas flow rate [43]), there will be a certain level of
flexibility in the effective stabilization temperatures of the nanoparticles. Thus, in cases where
the phase diagram is fairly complex with many phase transitions at different temperatures, it
could be possible to target a specific temperature region to obtain the desired phases. In those
cases, a proper modeling of the flow and thermal profiles within the plasma reactor will be
crucial in obtaining the desired results. We believe that this technique is not limited to oxides,
but could also work for multi-phased metals, carbides and other types of systems. Considering
that the morphology of the synthesized nanoparticles is related to the equilibrium shape of the
phases, the morphology of multi-phased nanomaterials produced with induction plasma will

depend on the materials system and on the nature of the interface between those phases.
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4.6 Conclusion

Induction plasma is well suited for the synthesis of NiFe,O4 / (Ni,Fe)O nanopowders due to
its ability to produce particles with a wide range of compositions and morphologies. By ana-
lyzing the Ni/Fe/O phase diagram and varying the input concentration of metals, we were able
to control the phase composition of the nanoparticles. If the overall Ni/(Ni+Fe) atomic ratio
was > 1/3, two phases of NiFe,O4 and (Ni,Fe)O were formed. An increase in the content of Ni
led to a greater proportion of (Ni,Fe)O. Nanocrystals with a truncated octahedron morphology
were obtained for bulk Ni/(Ni+Fe) atomic ratios < 0.5. In these cases, the (Ni,Fe)O was found
to preferentially segregate on the {110} and {111} facets of NiFe,O4, while leaving the {100}
facets of NiFe,O4 exposed. When no iron was present, nanocubes of NiO with jagged <110>
edges were synthesized. Finally, at intermediate Ni/(Nit+Fe) atomic ratios, aggregates of
NiFe,0O4 were encapsulated unevenly within an (Ni,Fe)O matrix. Thus, by carefully selecting
the region of interest within the (Ni,Fe)O phase diagram, it is also possible to control the mor-

phology and the assembly of hybrid nanoparticles.

These results show the potential of induction plasma systems for the controlled synthesis of
complex multi-phased nanomaterials. This proposed multi-phased synthesis method will be
validated by producing (Co,Mn)-ferrites by induction plasma. Nanopowders produced using
this technique will also be investigated for their use as a catalyst in dry reforming operations.
An emphasis will be put on understanding the effect of the exposed facets on the catalytic po-

tential of the nanopowders and their susceptibility to deactivation.

4.7 Supplementary Information

4.7.1 Detailed TEM Methodology

A sample of nanopowder was sonicated in ethanol and a drop from the suspension was left
to dry on a holey carbon film supported on a 200 mesh copper TEM grid. The grid was gently
cleaned in an O,/Ar plasma prior to insertion in the TEM to avoid contamination buildup dur-
ing analysis. High resolution transmission electron microscopy (HRTEM) was carried out with
an objective lens aberration-corrected cold field-emission gun (JEOL ARM?200) operated at

200 kV. High angular annular dark field scanning transmission electron microscopy (STEM-
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HAADF) images were acquired with an annular detector (JEOL). A Sobel filter was applied to
the HAADF-STEM micrograph to enhance topological features and facilitate their interpreta-
tion. Electron energy-loss spectrometer image filter (Gatan, Quantum QE) was carried out in
scanning transmission electron spectroscopy mode using a convergence angle of 7.30 mrad
and a collection angle of 10.09 mrad. EELS linescan (0.4 nm/step) on the nanoparticles were
taken by collecting simultaneously the zero-loss peak (-70 to 442 eV, energy resolution of
0.25 eV/pixel, 10™ s/step) and the core losses, namely the O K, Fe L, 3 and Ni L, 3 edges (470
to 982 eV, energy resolution of 0.25 eV/pixel, 2 s/step). EFTEM was performed using the en-
ergy windows outlined in Table 4.2, with a 120 um objective aperture, a 30 eV slit and an ac-
quisition time of 20 s.

Table 4.2: Energy windows used for EFTEM analysis
Element Background |  Background 2 Signal

Fel,; 655 eV 688 eV 723 eV
Nilys 805 eV 835 eV 870 eV

Only nanoparticles located above a hole of the carbon substrate of the holey carbon grid
were analyzed to prevent interference effects from the substrate. Furthermore, to prevent Moi-
ré effects, it was necessary for the nanoparticles to not have any neighbors above or below
them, with respect to the electron probe. The spherical aberration corrector on the objective
lens extended the point resolution toward the information limit, allowing smaller lattice spac-
ing to be measured. This increased the probability of finding nanoparticles in an orientation
which exhibited two sets of fringes, which are necessary for indexation. In addition, Cs-
corrected HRTEM facilitates the interpretation of the images, especially at interfaces, given
that common artifacts such as lattice delocalization are minimized. Cs-corrected HREM imag-
es of the nanoparticle were collected before the microscope was switched to STEM. For each
NPs analyzed by HREM, a corresponding EELS linescan was collected in a selected direction.
This type of analysis was repeated for several nanoparticles per sample (~8 to 10). In cases
where a full chemical mapping of the nanoparticle was deemed necessary (NF0.75), EFTEM
analyses were performed. STEM-HAADF micrographs at relatively low magnifications of

clusters of nanoparticles were also collected to observe the morphology of nanoparticles.

It is known that oxides such as the ones analyzed in this report are sensitive to beam dam-

age effects: oxygen will be removed primarily by radiolysis, whereas iron and nickel will be
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removed by sputtering, with iron being slightly more sensitive than nickel [99]. Care was tak-
en to minimize beam damage effects by reducing as much as possible the electron dose on the
nanoparticles in STEM mode while acquiring a statistically significant signal. A 200 kV oper-
ating voltage was chosen to minimize sputtering damage of the nanoparticle in order to max-
imize the accuracy of the Ni/(Ni+Fe) ratio measured with EELS. However, one drawback of
this choice was that radiolysis effects were important, rendering the EELS results for oxygen
inaccurate (the measured oxygen signal is generally weaker than it should be, especially for
small nanoparticles). For this reason, only the Ni to Fe ratios obtained from EELS and

EFTEM are reported and discussed in this report.

Conversion of the EELS spectra into relative chemical concentrations was performed using
calculations based on generally accepted methodology [73]. The k factors between the ele-
ments were estimated from an internal NiFe,O,4 standard which was obtained with the same
procedure and experimental conditions described above. In all cases, deconvolution of the
core-loss and zero-loss peaks was not necessary since the specimen was considered thin

enough (the ratio of the thickness to the electron mean free path was smaller than ~0.3) [73].
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4.7.2 Additional XRD data
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Figure 4.8: XRD data for NF0.33 (a), NF0.50 (b), NF0.75 (c) and NF1.0 (d) not shown in main text. Black
line: experimental diffractogram; red line: diffractogram calculated by Rietveld refinement; purple line:
difference plot; stick patterns: references calculated with Rietveld refinement (blue: NiFe,0,, green:

(Ni,Fe)0).



4.7 SUPPLEMENTARY INFORMATION 71

Table 4.3: The complete set of calculated parameters in the Rietveld refinement. R,,,: Weighted R profile,
Ry R expected, GOF: Goodness of fit, u: oxygen position parameter of the spinel phase [1]

Sample Bulk o Phase Scale Average
P Ni/(NitFe) Ry Rey  GOF Phase E £ %) factor (x a0 (A) u crystallite
name atomic ratio atvo 10%) size (A)
NiFe, 04 94.6 8.01 (1) 8.33917(5) 0.2471 (1) 461.2
NF0.33 0.33 0.84 066 162 (Nix,Fe )0 5.4 73(2) 4.16888 (8) n/a n/a
NiFe,04 74.7 6.15(1)  8.34099 (6) 0.2459 (1) 525.1
NF0.40 0.40 0.97° 079 152 (Niy,Fei )0 253 333(3) 4.17237(09) n/a 354.6
NiFe,04 44.8 3.31(0) 8.3420 (1)  0.2474 (2) 404.0
NF0.50 0.50 0.98 088 124 (Niy,Fei )0 55.2 65.1(2) 4.17440 (7) n/a 262.8
NiFe,04 8.1 2.58 (1) 8.3420 (1)  0.2488 (5) 442.7
NFO.75 0.75 L6l 075 4.57 (Niy,Fei )0 91.9 469.3(5) 4.17517 4 n/a 3953
NF1.0 1 4.87 139 1231 (NiyFe )0 100 3712 (5) 4.17770 (5) n/a 399.1
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Figure 4.9: Fe,03;-NiO phase diagram in the presence of air. This diagram was generated using the
Factsage software package [18].
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Contribution au document (francais) :

Dans ce chapitre, nous proposons une formule chimique pour exprimer un spinelle de ferri-
te de nickel NisFes;.«O45 qui est autant claire que versatile, puisqu'elle couvre la gamme com-
plete des valeurs possibles pour x et §. Ceci est utile considérant que la nomenclature utilisée
dans la littérature n'est pas toujours constante (voir par exemple l'article de Tamaura et Tabata
[19]). Le mode¢le cristallographique semi-empirique qui est développé pour relier le parametre
de maille du spinelle a sa composition chimique x et sa stoeechiométrie en oxygene & est utile,
entre autres, pour rectifier une petite erreur de caractérisation au chapitre 3. Dans ce chapitre,

nous avions décrit les échantillons NF0.0, NF0.08 et NF0.17 (échantillons 1, 2 et 3) comme

73
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étant des spinelles stoechiométriques (6 = 0, Table 3.2), tandis qu'ici nous démontrons qu'ils
sont en fait des spinelles de type v (6§ < 0, Table 5.1). Cette différence de résultat est ce qui
nous a mené a faire les analyses Mdssbauer, qui ont confirmé que la représentation de spinelle
de type vy était plus précise pour ces échantillons. Par contre, cette petite erreur de caractérisa-
tion ne change pas l'interprétation des résultats pour le reste du chapitre 3. C'est pourquoi nous

avons décidé de ne pas changer de facon rétroactive le contenu de ce chapitre.

Les résultats dans le présent chapitre servent également a améliorer notre compréhension
du comportement thermochimique des spinelles de ferrite de nickel lorsqu'exposés a de I'hy-
drogeéne et du dioxyde de carbone, et sera utile pour choisir des conditions d'opération pour
des chercheurs travaillant avec cette réaction. De plus, la méthodologie utilisée pour obtenir
ces résultats n'est pas limitée a la décomposition en deux étapes du dioxyde de carbone. En
utilisant la DRX in situ et en mesurant le paramétre de maille de la phase spinelle, nous mon-
trons qu'une grande gamme d'informations peut étre obtenue avec les hypothéses appropriées.
Ceci est applicable pour n'importe quelle réaction impliquant des spinelles, et augmente de
facon significative la quantité potentielle d'informations qui peut étre obtenue lors d'une réac-

tion.
Contribution au document (anglais) :

In this chapter, we propose a chemical formula to express nickel ferrite NixFes; <O4.5 spinels
that is both clear and versatile, since it can cover the whole range of possible values of x and
6. This is useful considering that the nomenclature used in the literature is not always con-
sistent (see for example the article by Tamaura and Tabata [19]). The semi-empirical crystal
model that is developed to relate the lattice parameter of the spinel to its chemical composition
x and its oxygen stoechiometry § is useful in rectifying a slight mischaracterization in chapter
3. There, we had described samples NF0.0, NF0.08 and NF0.17 (sample 1, 2 and 3) as
stoechiometric spinels (§ = 0, Table 3.2), whereas here we show that they are actually y-type
spinels (6 < 0, Table 5.1). This difference in results is what drove us to perform the
Mossbauer analyses, which confirmed that the y-type spinel representation for those sample
was more accurate. However, this mischaracterization does not change the interpretation of the
results for the rest of chapter 2, which is why we decided not to retroactively change the con-

tent of this chapter.
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The results in this chapter also serve to improve our understanding of the thermochemical
behavior of nickel ferrite spinels when exposed to hydrogen and carbon dioxide, and will be
useful in choosing the operating conditions for researchers working with this reaction. Fur-
thermore, the methodology used to obtain the results in this chapter is not limited to the two-
step decomposition of carbon dioxide. By using in situ XRD and tracking the lattice parameter
of the spinel phase, we show that a wide range of information can be obtained given the ap-
propriate assumptions. This is applicable to any reactions involving spinel compounds, and
increases significantly the potential amount of information that can be obtained during a reac-

tion.
Résumé francais :

Un modele cristallographique semi-empirique basé sur le modele des spheres dures est pro-
posé pour déterminer la déviation de la steechiométrie d'oxygeéne (§) d'un spinelle a métaux
mixes avec une formule générale de A(B3.O4.5 & partir de son paramétre de maille. Le modéle
a été calibré avec des données de ferrites de Ni et Mn obtenues de la littérature. Nous démon-
trons que le parametre de maille d'un spinelle NixFes; (O45 peut étre prédit avec une précision
de 0.01 A. Ce modeéle a été utilisé pour suivre les valeurs de x et § dans des nanopoudres de
NixFe; xO45 (avec des valeurs initiales de x = 0, 0.25, 0.5 et 1) lors de DRX in situ réactive
sous réduction par H; et oxydation par CO; a 400°C. Les résultats montrent que la réduction
par H; se déroule en deux étapes : (i) une transition d'un spinelle de type y (6 < 0) a un spinel-
le régulier (6 =~ 0); suivi par (ii) une réduction préférentielle du nickel de la maille du spinelle
pour former une solution solide de (Ni,Fe). La configuration FCC est favorisée pour cet alliage
dans les cas d'un contenu initial ¢élevé en nickel (x = 0.5, 1), et BCC pour des échantillons
avec un faible contenu initial en nickel (x = 0, 0.25,0.5). Une réoxydation subséquente au
CO; des échantillons montre que le processus est partiellement réversible : le fer va, en pre-
mier lieu, se réintégrer de fagon préférentielle dans la maille, et ensuite I'excédent d'oxygene
retournera partiellement a son niveau original. En plus d'amener une description compléte des
phases et de leur évolution lors de la réaction, ces résultats décrivent le comportement thermo-

chimique de ferrites de nickel non steechiométriques pour la premiere fois.
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5.1 Abstract

A semi-empirical crystal model based on the hard sphere model is proposed to determine
the oxygen deviation from stoechiometry (8) of a mixed metal spinel of general formula A,B;.
x04.5 from its lattice parameter. The model was calibrated with data for Ni- and Mn-ferrites
taken from the literature. We demonstrate that the lattice parameter of an NixFes; O4.5 spinel
can be predicted within a precision of 0.01 A. This model was used to monitor the value of x
and § of NiyFe; 4O45 nanopowders (with initial x = 0, 0.25, 0.5 and 1) during reactive in situ
XRD H; reduction and CO, oxidation at 400°C. Results show that H,-reduction occurs in two
steps: (1) a transition from a y-type (6 < 0) to a regular (6 = 0) spinel; followed by (ii) a pref-
erential reduction of nickel from the spinel lattice to form an (Ni,Fe) solid solution. The FCC
configuration for this alloy is favored in cases of high initial contents of nickel (x = 0.5, 1),
and BCC for samples with low initial nickel content (x = 0, 0.25, 0.5). A subsequent CO,
reoxidation of the samples shows that the process is partly reversible: iron will first preferen-
tially reintegrated into the lattice, and the initial excess of oxygen will be partially replenished.
In addition to providing a thorough description of the phases and their evolution during reac-
tion, these results describe the thermochemical behavior of non-stoichiometric nickel ferrites

for the first time.

5.2 Introduction

Spinels have the general crystal structure of AB,O4, where A and B are metallic cations.
Spinels can be synthesized with a vast range of cations [3, 6-8, 16, 17, 26, 27, 30, 78], which
makes the structure extremely versatile in its intended application. Spinels have been used as
catalysts [100], as battery materials [101], for electrocatalysis [102] and in oxygen reduction
reactions [15], partly due to its ionic conduction and its possibility to accommodate vacancies
on the cationic or oxygen sites. As a catalyst, the spinel structure has been studied in a variety
of oxidation-reduction reactions using Ni-, Mn-, Co-, Zn- and Cu-ferrites [7, 26, 30, 36],
where Ni-ferrite was shown to be the most active phase when compared to others [7]. The
following scheme was suggested for the two-step decomposition of CO, using ferrite spinels

[26]:
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MFe,0, + H, - MFe,0,_s + 6H,0

MFe,0,_s + CO, - MFe,0, + CO,_5
where M is a metallic cation. The above reaction scheme is an example of the Mars-van
Krevelen reaction mechanism [25], whereby the catalyst serves as an intermediate in the trans-
fer of oxygen from one reaction product to another. The two-step decomposition of CO, can
be considered as a test reaction for ferrites, since it is a relatively simple reaction that can be
used to observe the changes in the spinel during its reduction and oxidation. However, the
above reaction scheme is too simplistic, since there are a number of potential phenomena it
does not take into account, from oxygen-excess spinels (§ < 0) to cation hopping or the for-
mation of secondary phases. Understanding if and how these phenomena occur during the re-
action is important in the design of better catalysts and the selection of working conditions that
improve the overall efficiency of the catalytic reaction. If equilibrium is achieved locally, the
thermodynamics of spinels when exposed to H, and CO, are well known and can give good
insight into the expected results during such a reaction. However, the formation of oxygen
vacancies, the kinetics of phase changes and the cation mobility during reduction and oxida-

tion of spinels remains largely speculative.

The changes in a catalyst during the reaction are most often inferred from measurements
performed at room temperature before and after the reaction. This approach offers only limited
insight into the reaction mechanism due to the multitude of phenomena occurring during the
reaction and cool-down. In situ catalytic experiments become useful in that regard, allowing
the precise observation of specific features during the reaction and thus a better understanding
of the reaction mechanism. For example, Nordhei et a/. have demonstrated that Co-, Ni- and
Zn-nanoferrites exposed to H, at 300°C can have oxygen deficiencies (§) up to 0.26, 0.58 and
0.16, respectively. In the case of Ni-ferrites, they also show that nickel is removed from the
spinel lattice during this process to form nickel clusters [7]. At higher temperatures (500°C),
they have also shown that the reduction of these same ferrites occurs through the intermediate

production of a monoxide phase [9].

The results of Nordhei et al. [7] were obtained in part from experiments using in sifu syn-
chrotron radiation, which is very well suited to the in situ analysis of spinel samples, since the
technique can track the changes in the oxidation states of the cations that are concurrent with a

change in the spinel's oxygen stoechiometry. However, separating the effects of site occupan-
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cy and oxidation state in synchrotron data is a daunting process [104]. The proper interpreta-
tion of XANES data requires a precise knowledge of the crystal structure of the sample under
study. Furthermore, the high demand for synchrotron radiation sources compared to the few
facilities available worldwide makes its access limited to most researchers and prohibits its use
for routine sample analysis. In that regard, XRD analyses become complementary to XAS,
since they can contribute to the analysis of XAS data and can serve as a screening procedure
to better select which samples to later analyze in the synchrotron. The role of XRD is usually
limited to providing information about the crystal phases of a given sample. However, a
change in the oxidation state of a cation or the oxygen occupancy will have little effect on the
resulting XRD diffractogram, and it is thus generally considered that such a change cannot be

directly measured with a reasonable degree of accuracy with XRD.

Several spinel system allow a deviation from stoichiometry at high temperature (such as
NixFes 04, with 0<x<1 [10]). This phase is typically unstable at low temperature, making
their synthesis difficult. As a result, most oxidation and reduction studies of ferrite spinels
were performed on stoichiometric spinels, with little information pertaining to potentially in-
teresting thermochemical properties of non-stoichiometric spinels. In this article, we first de-
velop a model, which links the lattice parameter of an NiyFe; <045 nickel ferrite spinel to its
chemical composition (x) and its deviation from oxygen stoechiometry (5). This model is an
extension of Poix's model [105], which was limited to cases where § = 0. Ni-ferrite
nanopowders of various Ni/(Ni+Fe) ratios are then synthesized using an induction plasma
technique developed in earlier publications [94, 106] and characterized at room temperature.
The thermochemical properties of these nanopowders are then investigated in the framework
of a two-step CO, decomposition reaction at 400°C while being simultaneously monitored
using in situ XRD. This in situ analysis technique allows the tracking of the relative amount of
each crystal phase and their properties (such as the lattice parameter) in real time using
Rietveld refinement. It then becomes possible to quantify the evolution of the spinel during the

reaction using the previously developed crystal model.

The results of this article show that it is possible to use in situ XRD to monitor changes in
the cation oxidation state and the chemical composition of the spinel phase through a change
in its lattice parameter, significantly enhancing the level of information that is usually obtained

with the technique. Furthermore, the results offer significant insight on the thermochemistry of
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NixFes 045 spinels, namely in terms of the mechanism and reversibility of the H,-reduction
and CO;-oxidation reaction of nickel ferrites. Also, considering that the literature mostly fo-
cuses on nickel ferrites where x = 1, the results obtained herein broaden our knowledge of the
thermochemistry of this spinel over a wider chemical composition. These results become use-
ful starting points when considering these materials for catalysis, electrochemistry or reactions

with the Mars-van Krevelen mechanism.

5.3 Materials and Methods

5.3.1 Nickel ferrite nanoparticle synthesis

The nanoparticles analyzed in this report were synthesized using a solution spray induction
plasma reactor described in earlier publications [94, 106] using the same synthesis protocol.
Briefly, the method involves the vaporization of a precursor solution and its subsequent fast
quenching (> 10° K/s [53]), allowing the one-step production of nanoparticles and the stabili-
zation of metastable high-temperature phases. Nanoparticles from the filters of the plasma
reactor were collected, which were shown to have a truncated octahedron morphology, with
diameters ranging from ~5-130 nm and a log-normal particle size distribution [94, 106]. Six
samples were synthesized by varying the Ni/(Ni+Fe) ratio in the precursor solution. Previous
results have shown that the bulk nickel to iron ratio in the synthesized nanoparticle is the same
as in the precursor solution [94]. Samples are denominated NF{X}, with X={0, 0.08, 0.17,
0.33, 0.50, 1.0} representing the Ni/(Ni+Fe) ratio of the nanoparticle. The nanoparticles were

used without any post-synthesis treatment prior to the experiments outlined below.

5.3.2 Characterization of nanoparticles at room temperature

XRD diffractograms of the samples were collected at room temperature using an X'PERT
PRO Multi Purpose Diffractometer from PANalytical using the Bragg-Brentano geometry,
equipped with a PIXcel'® detector and CuK,, radiation. XRD analyses were performed with a
20 range of 20-120°, a step size of 0.0033° and a scan time of 60s/step. Rietveld refinement on
each diffractogram was performed using the software HighScorePlus (v3.0.5) by
PANanalytical. Theoretical X-ray powder patterns were modeled based on the phases NixFes.
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xO4 (spinel), (Ni,Fe)O (monoxide) and (Ni,Fe) (both FCC and BCC alloys), respectively based
on the JCPDF files 04-005-6286, 04-005-9695, 04-002-1863 and 04-006-4191 from the ICDD
database. The proportion of nickel and iron in these phases was set according to their meas-
ured ratio in each sample. For each phase, the scale factor, the unit cell parameter (ay) and the
Cagliotti parameters were refined, along with the oxygen displacement parameter for the spi-

nel phase [22] and the zero-shift of the diffractogram.

Mossbauer spectroscopy was performed at room temperature using a 50mCi 57-Co/Rh
source with the drive operated in constant acceleration mode. Calibration was performed using
a-Fe at room temperature. Fitting of the profiles was done using a conventional non-linear
least-squares routine to a sum of Lorentzian lines with positions calculated from a first-order

perturbation of the Hamiltonian. Reported isomer shifts are relative to a-Fe.

The particles were dispersed in ethanol and a drop of the suspension was left to dry on a
carbon-coated TEM copper grid. The composition homogeneity between and within individual
nanoparticles was confirmed by electron energy-loss spectroscopy (Quantum ER Gatan Image
Filter) performed in a transmission electron microscope (TEM, Titan, FEI field-emission gun
operated at 300 kV acceleration voltage) in scanning TEM mode by mapping the Ni L, 3 and
the Fe L, 3 edges.

5.3.3 In situ XRD characterization of nanoparticles

In situ XRD analysis of the nanoparticles during reduction and oxidation was performed on
the same XRD apparatus as above, equipped with an XRK-900 non-ambient chamber by An-
ton-Paar. Considering that the XRD analyses are performed on a transient system, it was nec-
essary to shorten the collection time with respect to the reaction rate, but still retain a suffi-
ciently good signal to noise ratio. Analysis conditions were set to a 20 range of 25-82°, a step
size of 0.04° and a dwell time of 49.725 s/step, for a total analysis time of 5:03 minutes per

scan, which was deemed a fair compromise between those two conflicting requirements.

The XRD reaction chamber (400 cm®) was first flushed with He (10 sccm) and an XRD
diffractogram was collected at room temperature. The sample chamber was then heated to

400°C at a rate of ~60°C/min. As soon as the desired temperature was reached, the inlet gas
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was switched to a reducing gas mixture (5% H» in He, 10 sccm). When sufficient changes due
to reduction were observed, the inlet gas was then changed to an oxidizing mixture (10% CO,
in He, 10 sccm). The combined reduction and oxidation time was of 7.5h, after which the
samples were slowly cooled to room temperature. While the reducing and oxidizing gases are
flowing into the reaction chamber, XRD diffractograms are continuously collected using the
parameters outlined in the previous paragraph. Helium was used as a transport gas to maxim-

ize the XRD signal.

Considering that the flow rate of gases is relatively low (10 sccm) compared to the volume
of the XRD reaction chamber (400 cm®), the renewal of the gaseous environment within the
reaction chamber was found to take about 15 minutes when the input gases were changed.
During that time, reduction of the sample continues even though the input gas is a CO,/He
mixture, as will be noted in the Results. Similarly, there is a 15 min delay at the beginning of
the reaction where no reduction occurs due to the switch from inert to reducing inlet gas: the
first high temperature diffractogram of each experiment is thus taken under helium. This first
diffractogram was used to estimate the lattice expansion of the sample (of about 0.03 A at

400°C compared to room temperature, a relative difference of about 0.4%).

5.4 Semi-empirical model of Ni,Fe;_ .0, ; spinel

The goal of this section is to establish a semi-empirical relation between the lattice parame-
ter of a nickel ferrite spinel to some of its crystallographic properties, namely its nickel to iron
ratio, cation occupancy, and deviation from oxygen stoechiometry. This correlation will then

be used in the next section to enhance the level of information that is obtained from XRD data.

Consider a nickel-iron spinel with the chemical formula NiyFe; 4O4. The metal-to-oxygen
ratio in that spinel can deviate from 3:4, because the structure is able to accommodate vacan-
cies. The deviation of the spinel structure from its stoechiometric composition in oxygen (4) is
defined as 6: NixFe; O45. A positive 0 is caused by vacancies in the oxygen sublattice of the
spinel structure, whereas negative d values are due to vacancies in the cationic sublattice (ra-
ther than an excess of oxygen in the oxygen sublattice). There are two different crystallo-

graphic sites on the spinel's cationic sublattice: the tetrahedral (Ary) and the octahedral (Byy)
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sites, with a 1:2 proportion of A to B sites [1]. The nickel ferrite formula NixFes; <O4.5 can thus

be expanded into two generalized (Eq. 5.1) forms by considering charge neutrality and atomic

balance:
NiZ*Fel?,,,sFe5 55055 (6=0)
NixFe3x04-5 = Ni 4x O-35Fe4(3-04 = Nizz;iFeia_st)Feia_z(g)Dggsoﬁ_ (6<0)
4-5 2-5 4-5 1=5 4-5 4-§ 4-5
( By
| [Ni$n+Fe$l+Fe§i—m—n]AIV [Ni?ft_mFeitx+2§—nFeit2§+m+n:| 042}:6' (6 = 0)
2
= 2 2o (Eq.5.1)

By
L[Nime?Feitm_n]Aw [Nifzx m)Fe2;<1_x+25> n\ O35 Felliss m] 0}~ (6<0)
4-6 2 ( 4-5 2) 2(4-96) (2(4—5)' 2 )2

where x is the bulk Ni/Fe ratio, § the deviation from oxygen stoechiometry (4) of the spi-
nel, m is the fraction of tetrahedral sites occupied by Ni*", n the fraction of tetrahedral sites
occupied by Fe*" and o is a cationic vacancy. The above chemical formula was obtained as-

suming that:

e Nickel is exclusively in the 2+ oxidation state;

e [ron is either in the 2+ or 3+ oxidation state;

e The overall charge is 0;

e When § < 0, the oxygen sublattice is saturated;

e Cationic vacancies (§ < 0) are located exclusively on the octahedral B sites (this last as-
sumption is based on the fact that y-type spinels, such as y-Fe,Os and y-Al,Os, usually

have their vacancies located on the octahedral sites [107]).

NiFe,04 and Fe;04 are usually described as inverse spinels, with the tetrahedral sites filled
with the majority ion (Fe’™ in both cases), whereas the octahedral sites are occupied by equal
amounts of the majority ion (Fe’") and the minority ion (Ni*" and Fe®", respectively). While
useful, this description is limited because it cannot properly describe the occupancy of both
tetrahedral and octahedral sites in cases where three or more types of cations are present (e.g.
when x # 0,1). In order to fully describe the lattice occupancy of a spinel such as NixFes; xOa.s,
the inversion parameter has been redefined as the probability that a specific cation is located
on the octahedral site. For a spinel with n types of ions, n — 1 independent inversion parame-
ters need to be defined. To make calculations easier, it is better to define the inversion parame-

ters in terms of the minority cations. For the nickel ferrites, Ni*~ and Fe*" are in minority com-
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pared to Fe’*, and so two inversion parameters are defined, one for Ni*" (Eq.5.2) and another

for Fe*" (Eq.5.3). Referring to Eq.5.1:

x(1—1) 6=0

m=1 4x ) (Eq.5.2)
m (1 - l) (6 < 0)

1-NDA—-x+206) b =0)
n=<41—-x+26) (Eq.5.3)

i35 1-5) (<0
where i and j are the inversion parameters for Ni*" and Fe®", respectively (0 < i,j < 1).
The definition of the inversion parameter given above agrees with the convention according to
which a normal spinel has an inversion parameter of 0, an inverse spinel an inversion parame-
ter of 1, and a random distribution of the cations on both A and B sites occurs when the inver-

sion parameter is 2/3. Rewriting Eq.5.1 for nickel ferrite in term of the inversion parameters

yields:
2%
[NiZE i Fedi vi26)0- ) eS8 (-1 +xci ])+]]AIV[ i3 Fef(i_ x+26)Fe2+x(1 - ](1+26)] 075 6=0)
2 . (Eq.5.4)
N144x5( _)Feéztz-l—x+28)(1_j)Fe8(8] 9)+4x(1 1)+41] [lexl FeZ}(l x+26)|:‘ -36 Fes+6+4x(1 i)— 41(1+26)] Oi_ (6<0)
-5 2(4-68) 2(4-6) 2

When § = 0, both versions of Eq.5.1-4 are identical.

In a systematic study of the crystallography of the spinel structure, Poix [105] showed that
the distance between the A (Eq.5.5) or B (Eq.5.6) site to the oxygen site can be approximated
as the average of the cation-oxygen distance weighted by the relative amount of each cation on

that specific site:

dyo = V3ap(u —1/4) = z Moy -0, (Eq. 5.5)
i

dg_o = ag[2(u — 3/8)2 + (5/8 — w)?]/2 = Z CMdg-0),  (Eq.5.6)

where d,_, and dg_, are the distances between the A/B site to the oxygen site, ay and u
are the lattice parameter and the oxygen displacement parameter of the spinel crystal, C iA’V is

the proportion of cation i on the tetrahedral A site, CiB YI'is the proportion of cation i on the

octahedral B site and d(y,—o), /6 is the cation-oxygen distance for cation i on a tetrahe-
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dral/octahedral site. The left-hand sides of Eq.5.5 and 5.6 can be combined to express the lat-

tice parameter as a function of the cation-oxygen distances:

_ 40 64 , 512, Eas
ao—m a-0 t 11 %8-0 ~ 343 %a-0 (Eq.5.7)

where d,_, and dg_, are calculated using the right hand side of equations 5.5 and 5.6, re-
spectively, with the cation site fractions (CiA V" and CiB Yy given by Eq.5.4:

dA—O

{x(l —i)- d(Ni2+—0)4 +(1-x+251—-))- d(Fe2+—0)4 +[26G—1) +x{—j)+j]- d(Fe3+—0)4 =0

4x
m(l —i)- d(Ni2+—0)4 + T a-yn- d(Fe2+—0)4 + . d(Fe3+—0)4 (6<0)

)

= . d(Ni2+_0)6 + — . d(FeZ+—O)6 + 3 . d(Fe3+—O)6 (6=0)

2xi 2j(1 —x + 26) 8+68+4x(j— i) — 4j(1 + 26) (Eq.5.92)
L]. — . d(Ni2+_o)6 + "5 . d(Fe2+—O)6 + 2G4 -0) . d(Fe3+—O)6 (5 <0)

Fi j(1 —x +268) 2+ x(— i) —j(1+26)

In its current form, Eq.5.9a actually assigns a value of 0 to the distance between a vacancy
and oxygen (i.e. dg_g), = 0), given that vacancies are present on the octahedral site when
6 < 0. This is obviously wrong, and can be corrected by redefining CiBV’ as the relative pro-

portion of a cation respective to all other cations present on that site. This is done by normaliz-

ing the sum of the occupancy of all cations on that site to 1:

dg—o
xi j(1 —x +26) 24+x(G—0)—j(d+26)
(? : d(Ni2+—0)6 + — : d(Fe“—O)s + > : d(Fe3+—0)6 6=0)
2xi 2j(1 —x+ 28 8+ +4x(j—i) —4j(1+ 26
—4 — 6 . d(Ni2+_0)6 + - ]( 4 = 5 ) . d(Fez+_0)6 + (2](4 _)5) ]( ) . d(Fe3+—0)6 (Eqsgb)
(6<0)
3
N 2(4-10)

Poix [105] showed that these equations can be used to estimate the cation distribution in a
spinel by comparing a calculated value of a, and u with a measured one, even in cases where
the oxidation state of the cation is unknown, such as with Co304, where Co could conceivably
be at oxidation states of 2+, 3+ or 4+. However, Poix's work was limited to spinels with § = 0
and two types of cations. The equations derived above are an extension of Poix's work for a

more general case, since they take into account cases where § # 0.

4(1 — x + 26) 5(8j —9) + 4x(i —j) + 4j (Eq.5.8)
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However, as Shannon explains [108], the presence of vacancies affects the cation-oxygen
distances: the presence of cationic vacancies (§ < 0) tends to increase the cation-oxygen dis-
tance due to a relaxation of the oxygen ions surrounded by unoccupied cation sites. The in-
verse is also most likely true: the presence of anionic vacancies (6§ > 0) should decrease the
cation-oxygen distance. If we assume that the change in cation-oxygen distance is linear with
respect to the amount of vacancies (as is the case for the Li'-O bond, as reported by Shannon

[108]), the following relationship is obtained:
5
Arti-0)46 = 0,6 " (1 = Ad® x 8)  (Eq.5.10a)

where Ad? is the rate of change of the cation-oxygen distance with respect to the amount of
vacancies, dg;io_o)4 P is the reference cation-oxygen distance for cation i on either the octahe-
dral or tetrahedral site when no vacancies are present, and d(6M-—O) is the cation-oxygen dis-

i 4/6

tance for a given value of §.

Most cation-oxygen distances reported in the literature are obtained from measurements
performed at ambient conditions (T = 25°C). Given that the model derived above is an exten-
sion of the hard sphere model, a change in the lattice parameter due to an increase in tempera-

ture should be due to a change in the metal-oxygen distances. Assuming a linear thermal ex-

pansion coefficient, the cation-oxygen distances can be approximated as follows:
Q=036 = Ansse (1 +Ad7 X AT)  (Eq.5.10b)

where AdT is the rate of change of the cation-oxygen distance with respect to temperature,
AT is the deviation from ambient conditions, dly,>>5 is the reference cation-oxygen dis-
(M;i=0)4/6

tances for cation i on either the octahedral or tetrahedral site at ambient conditions and

d(Ml —0)4/s is the cation-oxygen distances at a given temperature.

In cases where both § #+ 0 and T # 25°C, Eq.5.10a and Eq.5.10b can be combined to ob-

tain the cation-oxygen distances for a given amount of vacancy and at a given temperature:

Qite=0y,/6 = Aoy (1= 2d® x 8) - (1+4d" X AT)  (Eq.5.10¢)

The equations derived above are an extension of Poix's work [105] for a more general case.

By combining equations 5.7, 5.8, 5.9b and 5.10c, one can solve for either &, a,, i or j, provid-
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ed that all three other values are known, and that reference values for the cation-oxygen dis-
tances are obtained. Furthermore, in cases where § # 0 and/or T # 25°C, values for Ad®
and/or AdT will also need to be estimated. As demonstrated in the supplementary information,
the inversion parameter of Ni*" and Fe’" can be estimated from thermodynamic models,
whereas values for the cation-oxygen distances are available in the literature. Also in the sup-
plementary information, estimates for Ad® were calculated from extensive experimental data
published in the literature on Ni- and Mn-ferrites, whereas Ad” was estimated from the meas-
urement of the lattice expansion of the spinels. We also show in the supplementary infor-
mation, that the model can predict the lattice parameter of an NiyFe; O, spinel with a preci-
sion of 0.01 A over a wide range of § and inversely, § can be estimated from the lattice param-
eter with a precision of 0.07. Although the above equations were derived for the spinel
NixFes <045, they are valid for spinels with different amounts of cations or cations with other
oxidations states by using the same reasoning. For example, in the supplementary information,

the same model is used for Mn-ferrites.

5.5 Results

5.5.1 Characterization of samples at room temperature

Six different samples were synthesized by varying the Ni/(Ni+Fe) ratio in the plasma pre-
cursor solution, with ratios ranging from 0 to 1 (Table 5.1). Rietveld refinement of the XRD
profiles of the samples at room temperature shows that their phase composition is in accord-
ance with the high-temperature region of the Ni-Fe-O phase diagram [10], with sample NF0.0
containing a small amount of a-Fe,Os. The refined lattice parameter of the spinel phase of
sample NF0.33 (8.33910 A) is very close to that of the reference value of the ICDD PDF file
for NiFe,Oy4 (8.334 A). On the other hand, the refined lattice parameter of the spinel phase of
sample NF0.0 (8.34398 A) is assigned to the spinel y-Fe,O3 (8.3416 A) rather than to Fe;0,
(8.3985 A). Using these refined lattice parameters and the model derived above (Eqs 5.7-10),
the deviation from the oxygen stoechiometry of the spinel (6) was estimated, and thus the pro-
portion of Fe** present in those samples (Table 5.1). In all cases, there is only a very small

amount of Fe*" present in the sample.



5.5 RESULTS 87

Figure 5.1 shows the Mossbauer spectra of some samples at room temperature and Table
5.2 gives the calculated parameters from those Mssbauer spectra. Each sample can be mod-
eled by two broad but non-overlapping sextets, in accordance with what is usually found for
spinels at room temperature [109]. These sextets are assigned to Fe’™ on the tetrahedral site
and Fe** on the octahedral site. The Fe>* nomenclature is used because of fast electron hop-
ping between Fe*" and Fe’" at room temperature, which prevents the direct differentiation of
Fe*" and Fe’". However, for the NF0.0 sample, the very large relative area of the tetrahedral
Fe’* sextet indicates that Fe”" is relatively scarce in the sample [110], which suggests a com-
position closer to y-Fe,O3 (where § = —0.5) than Fe;0y4, in accordance with XRD results and
the calculations from Table 5.1. Furthermore, the calculated isomer shifts for the NF0.33 sam-
ple are consistent with standard NiFe,Oy,, indicating that at most only a minor fraction of Fe?*
is present in that sample [109]. The NF0.08 and NF0.17 samples can be best described as
midway points between the NF0.33 and NF0.0 samples, also indicating that the Fe*" concen-
tration in these samples is close to null.

Table 5.1: Relevant crystallographic parameters calculated with Rietveld refinement for all samples ana-

lyzed at room temperature. The numeric value in the sample name represents the bulk Ni/(Ni+Fe) ratio
used in the precursor solution during synthesis.

Sample Ni/(Ni+Fe) . P?oportion Proportion sec- Refineda, & ofspinel  Fe*'/Fey,
name precursor x spinel phase  ondary phase (wt spinel (A)° hase® catio®
solution (Wt %)" %)° P P
NF0.0 0 0 92.1(8) 7.9 (3) 0-Fe,0O3  8.34398 (16) -0.4617 (8) 0.0255 (6)
NF0.08 1/12 0.25 100 n/a 8.34060 (16) -0.3544 (9) 0.0150 (6)
NFO0.17 1/6 0.5 100 n/a 8.33979 (12) -0.2290 (7) 0.0168 (6)
NF0.33 1/3 1 97.9 (3) 2.1 (1) (NL,Fe)O  8.33910(5) 0.0418 (3) 0.0418 (3)
NF0.50 1/2 1 70.8 (5) 29.2 (3) (NL,Fe)O 834198 (11)  0.0591 (7) 0.0591 (7)
NF1.0 1 n/a 0.0 100.0 NiO n/a n/a n/a

a: Chemical composition of the spinel NiFe;_,O,4.5, obtained from the bulk chemical composition and lim-
ited by the phase diagram of the system [10].

b: Calculated with Rietveld refinement.

c: Calculated using the model derived above, Eqs 5.7-10.

d: Fe?* /Fe,,; = (1 — x + 28)/(3 — x), this ratio applies to the spinel phase only.

The XRD and Mdssbauer data are consistent with the spinel phase in the NF0.0 sample be-
ing very close to the spinel y-Fe,O3; (x =1, § = —0.5) in the y-Fe,Os/Fe;O4 continuum,
whereas the one in the NF0.33 sample is close to a standard spinel NiFe,O4 (x = 1, § = 0).
From the data presented so far, the NF0.08 and NF0.17 sample could theoretically be de-
scribed either as a single y-type NixFes; <O4.5 phase where x = 0.25 and 0.5, and § = —0.25
and —0.375, respectively, or as a two-phase mixture of NiFe,O4 and y-Fe,Os;. STEM-EELS

analysis of nanoparticles of these samples (Figure 5.9, in the supplementary information)
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demonstrates that the distribution of nickel and iron is uniform down to the atomic level be-
tween and within individual nanoparticles, which indicates that the single-phased description

is better suited for these samples.

Relative transmission (a.u.)

-10 -5 0 5 10
Velocity (mm/s)
Figure 5.1: Mossbauer spectra of plasma-synthesized nickel ferrite nanoparticles with varying bulk
Ni/(Ni+Fe) ratio.

Table 5.2: Fitted Mossbauer parameters for the plasma-synthesized nickel ferrite nanoparticles. IS: isomer
shift. QS: quadrupole splitting. H: Hyperfine field.

Fedt Fegs*
Relative Relative
Sample IS Qs H (T) area IS QS H (T) area
(mm/s) (mm/s) (%) (mm/s) (mm/s) (%)

NF0.0 0.367(4) -0.006(9) 50.34(4) 822 0.28(2)  -0.18(4) 47.7(2) 178
NF0.08 0.336(6) -0.04(1)  50.84(6)  69.9  025(1)  -0.043) 485(1)  30.1
NF0.17  034(1)  -0.002) 51.15(10)  59.2 0.27(1)  -0.052)  49.1(1)  40.8
NF0.33  037(1)  0.01(2)  51.86(9)  49.1 0.26(1)  0.002) 48.77(8)  50.9

5.5.2 High temperature reduction and oxidation of nickel ferrites

The samples analyzed in the previous section were subjected to a single reduction (5% H>
in He) and oxidation (10% CO; in He) cycle at 400°C. The phase transformation of these
samples during the reaction was monitored by continuous in situ XRD analysis. The raw data
obtained for sample NF0.08 is shown in Figure 5.2a, with the data for the other samples given
as supplementary information (Figure 5.10). Each diffractogram collected was analyzed with

Rietveld refinement to determine the relative amount of each phase present (Figure 5.3) and
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their respective lattice parameters (Figure 5.4 for the spinel phase, Figure 5.5 for the (Ni,Fe)
FCC and BCC phases). Considering that all of the XRD peaks of the (Ni,Fe)O phase are su-
perimposed on those of the spinel NiyFe; (O4., the calculated lattice parameter of the (Ni,Fe)O
phase is very uncertain given the low signal to noise ratio at the present experimental condi-
tions, and is thus not included in this report. Figure 5.2b shows an example of an experimental
diffractogram from Figure 5.2a with its associated calculated Rietveld diffractogram, showing
an excellent fit to the data. Considering that reaction kinetics are different for each sample, the
moment when the input gases were switched from reducing to oxidizing conditions was cho-
sen when the reduced phases ((Ni,Fe) FCC and/or BCC) were noticeably present in the

diffractogram, as is the case in Figure 5.2b.

b)
3
s
=)
(2}
c
2
£
| . (NiFe)BCC
I \ NixFea-xO4-es
] . ] N N ] - R, P
30 40 50 60 70 80 30 40 50 60 70 80
20 (degrees) 20 (degrees)

Figure 5.2: a) Evolution of the XRD profile for sample NF0.08 under reducing and oxidizing conditions.
The horizontal black line represents the moment when the input gas was switched from reducing (5% H,
in He) to oxidizing (10% CO, in He) conditions. The arrow highlights the change in the position of the
peaks due to reduction. Data for other samples (NF0.0, NF0.17, NF0.33, NF0.50 and NF1.0) available as
supplementary information. b) Example of a single diffractogram from a) taken at t = 2.3 h, with the ex-
perimental data in black, the diffractogram calculated with Rietveld refinement in red and the difference
plot in purple. Stick patterns represent the reference patterns calculated with Rietveld refinement for each
crystallographic phase detected for a given diffractogram (blue: Ni,Fe; ,0,.5; green: (Ni,Fe) BCC).

At the beginning of the experiment, each sample has a phase content (Figure 5.3) similar to
what was reported at room temperature (Table 5.1). The exception is sample NF0.0, which did
not show any a-Fe,0s, indicating that the residual a-Fe,Os detected at room temperature con-

verted to y-Fe,Os in the time it took to heat the sample to 400°C (~15 min).
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Figure 5.3: Phase distribution (red: Ni,Fe; ,O4; spinel; blue: (Ni,Fe)O monoxide; black: (Ni,Fe) FCC alloy;
green: (Ni,Fe) BCC alloy), as calculated from Rietveld refinement of the data presented in Figure 5.2 and
the supplementary information during reduction (open circles, 5% H, in He) and oxidation (full circles,
10% CO; in He). The vertical line in each graph indicates the time when the input gases were switched. No
markers are shown when the calculated proportion of a phase for a given sample is null.

The first observed change in the iron-rich samples (NF0.0, NF0.08 and NF0.17) due to re-
duction with H; is a sudden (< 10 min) and large (0.03-0.07 A) increase in the lattice parame-
ter of the spinel phase (Figure 5.4). This change in the lattice parameter is exemplified by a
shift in the peak position, shown with an arrow in Figure 5.2a. During that time, the peaks
present in the diffractogram remain the same, but their relative area slightly change to better
reflect a regular spinel compared to a y-type spinel. This large Aay is thus attributed to the re-
moval of excess oxygen from the spinel lattice (NixFe; xO4.5 to NixFes; xOa.s, 6<0'), which sim-
ultaneously causes the reduction of the small Fe’* cations to larger Fe*". The largest Aa; was

observed for sample NF0.0 because of its higher initial excess of oxygen compared to the oth-



5.5 RESULTS 91

er samples (Table 5.1). The same phenomenon was not observed for samples NF(0.33 and

NF0.50 due to their initial value of § = 0 (Table 5.1).
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Figure 5.4: Lattice parameters of the spinel phase for each sample (Black: NF0.0; Blue: NF0.08; Green:
NF0.17; Red: NF0.33; Magenta: NF0.50) calculated from Rietveld refinement of the data from Figure 5.2
and the supplementary information during reduction (open circles) and oxidation (full circles). The calcu-
lated standard deviation of the spinel phase's lattice parameter was around 0.001 A or lower, and was not
included in the present figure to improve readability.

The next step in the reduction reaction for sample NF0.17, NF0.33 and NF0.50 is a gradual
(> 1 hour) and comparatively small (=0.005 A) increase in the lattice parameter of the spinel
phase, which is more pronounced in the Ni-rich samples. Concurrently, secondary phases of
(Ni,Fe) in either the FCC and/or BCC configuration are produced. When the NF1.0 sample is
reduced, the lattice parameter of the Ni FCC phase that is formed is of about 3.544 A at
400°C, and stays constant. For the other samples, the (Ni,Fe) FCC phase's a, is significantly
larger (by about 0.03-0.05 A), due to iron being present to a certain degree within the lattice.
This lattice parameter gradually increases as the reduction advances, showing that the relative
proportion of iron in that phase also increases. The (Ni,Fe) BCC phase's a, stays roughly con-
stant throughout the reaction and is about the same as the one formed with the NF0.0 sample,

which shows that it contains little to no nickel.

Taken together, these observations can be explained by the fact that the relative rate of re-

moval of nickel from the spinel lattice is greater than that of iron. This causes the value of x in
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the spinel lattice to decrease, which leads to an increase in the spinel's a,. Eventually, as x
decreases, the relative rate of reduction of nickel compared to iron also decreases, and Fe
starts enriching the initially Ni-rich FCC phase, resulting in the increase in its lattice parame-
ter. For samples with large iron content, such as sample NF0.17, at one point there is too much
reduced iron compared to the solubility limit of iron in the FCC phase, and the excess iron will

instead precipitate to the BCC phase, which is why the BCC phase appears later than the FCC

phase.
3.60 T )
a) 2.885
b)
3.59 2.884 1
2.883 1 ]T
3.58 - %
< < 2882 | ]
3 g -
L 3574 F 8 v*+% }
2 g 2881 [+
z z 1
& 3.56 [ oo 2.880 1
L ]
3.55 - ﬁig‘g?: L 2.879 1 Sample:
- NF0.0
ey
NF0.50 2.878 1 NFOA7
3.54 1
T T T T T T T T 2.877 T T T T T T T
0 1 2 3 4 5 6 7 0 1 2 3 4 5 6 7
Time (h) Time (h)

Figure 5.5: Lattice parameters of a) the (Ni,Fe) FCC alloy and b) the (Ni,Fe) BCC alloy produced from the
reduction of the different samples (Black: NF0.0; Blue: NF0.08; Green: NF0.17; Red: NF0.33; Magenta:
NF0.50; Teal: NF1.0), calculated from Rietveld refinement of the data from Figure 5.2 and the supplemen-
tary information during reduction (open circles) and oxidation (full circles).

The behavior of the low nickel samples (NF0.0 and NF0.08) during reduction are quite dif-
ferent. After the first major increase in the lattice parameter due to the transition from a y-type
to a regular spinel, there is a large period of ~3.5h (NF0.0) and ~1.25h (NF0.08) during which
the diffractogram of the sample does not change in any significant way. Afterwards, the spinel
phase begins to reduce to an (Ni,Fe) BCC phase, without any FCC phase being conclusively
detected. In these cases, the nickel to iron ratio of the reduced phase is low enough that the
production of the FCC phase is thermodynamically unfavorable compared to the BCC phase.
We can suggest that the long incubation time can be assigned to the high energy barrier neces-

sary for the transition from a spinel to a BCC phase, as compared to a FCC phase.
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When the samples are subsequently exposed to a 10% CO, environment, the (Ni,Fe) FCC
and BCC phases reoxidize to a spinel phase. During that time, the lattice parameter of the FCC
phase decreases, indicating that it becomes more concentrated in nickel and thus that iron is
preferentially integrated back into the spinel lattice compared to nickel. This is why the iron-
rich BCC phase is more quickly reoxidized compared to the FCC phase, as shown with sample
NFO0.17 where both phases were present at the onset of oxidation. However, for the NF0.08
sample, some of the (Ni,Fe) BCC phase converts to (Ni,Fe) FCC after about 30 minutes of
CO, exposure prior to its complete re-oxidation to spinel phase. Since iron is preferentially
removed from the BCC phase, its nickel to iron ratio will eventually increase to a point where
nickel is past its solubility limit. The excess nickel forces the lattice to transform to the FCC
phase, which can then slowly reoxidize back to the spinel phase. The XRD peaks for the FCC
phase formed this way are very broad and have a low count number, indicating the presence of

small FCC clusters that likely form via nucleation and growth.

After about 2.5h of CO; exposure for the NF0.33 sample, a secondary (Ni,Fe)O phase be-
gins to appear, which does not completely convert back to the spinel phase as time on stream
increases. Since the nickel to iron ratio in the FCC phase increases, so will the ratio of the rate
of reoxidation of nickel compared to that of iron. When this Ni/(Ni+Fe) fraction increases
above 0.33, some of the reoxidized nickel cannot be incorporated into the spinel lattice, and
the excess nickel must instead form the (Ni,Fe)O monoxide phase. Since the bulk Ni/(Ni+Fe)
ratio is of 0.33, the equilibrium Ni-Fe-O phase diagram states that a single NiFe,O4 phase
should be stable at 400°C [10]. Given enough time, it is likely that the two phases observed for
this sample would combine back to a single phase. For the NF0.50 and NF1.0 samples,
reoxidation with CO, does not lead to the formation of a (Ni,Fe)O monoxide phase, even
though it would have been expected from the phase diagram. A very small amount of spinel is
formed for the NF0.50 sample, but otherwise exposure to CO; of these two sample has no ef-

fect.

At the ~5.5h mark, oxidation with CO, has completely reverted sample NF0.08 to the spi-
nel phase. After an additional hour of CO, exposure, the lattice parameter of the spinel phase
decreases by a significant amount (~0.04 A) over a period of about 50 minutes, indicating an
oxidation of some Fe** to Fe'". Simultaneously, the relative area of the XRD peaks for the

spinel phase slightly shifts to better reflect a spinel phase based on the y-Fe,O; prototype. The-
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se changes are consistent with a shift from a regular spinel phase to a y-type spinel, and are
thus a reversal of the first changes observed in the sample due to H, exposure. However, this
reversal is not complete, since the lattice parameter is still 0.01 A higher than its initial value,
indicating that some Fe”" is still present in the sample. A similar phenomenon was not ob-
served for samples NF0.0 and NF0.17, but would have likely also been observed had the CO,

exposition time been longer.

5.6 Discussion

Analysis of the in situ XRD data shows that reduction of the NiyFe; 1O4s spinel with hy-
drogen at 400°C occurs in two major steps (represented schematically in Figure 5.6). If initial-
ly present (6 < 0), excess oxygen will first be quickly expelled from the spinel lattice, as ob-
served with sample NF0.0, NF0.08 and NF0.18, indicative of a change from a y-spinel to a
regular spinel. During this short step, there is no formation of secondary or reduced phases.
Using the model derived above, the value of §' after this initial increase in the lattice parame-
ter (at t = 0.7 h) can be estimated (Table 5.3). The calculations show that there remains a
slight excess of oxygen in the sample, which scales with large initial values of §. These values
can be interpreted either of three ways: (i) the nanoparticles as a whole still has a partial ex-
cess of oxygen; (ii) the outer layer of the nanoparticles has completely lost its excess oxygen
(6" = 0), with its core unchanged from exposure to hydrogen; (iii) there is a radial gradient in
the oxygen deficiency of the nanoparticle. In the last two cases, the calculated & is the
weighted average of the actual values of § for that sample. With the current data, it is not pos-
sible to identify which of these possibilities better represents the reality of the sample during
the reaction. However, we can conclude that the reaction does not occur through the formation
of an oxygen-deficient spinel (§ > 0), as is usually assumed in this type of reaction [26]. In
the case of the NF0.33 sample, this implies that a cyclic reduction and oxidation process with-

out any phase change is impossible at the current experimental conditions.

Comparatively, Nordhei ef al. [7] calculated from XAS measurements that NiFe,O4, when
reduced with H; at 300°C, will adopt a &' value as high as 0.58(3). However, their calculations
assume that no other phases are present, whereas their data clearly shows the presence of a

nickel alloy formed by the reduction process (thereby decreasing their value of x), which
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overestimates their calculated 6’ by an unknown amount. Nevertheless, the difference between
those two sets of results is significant; in situ XAS measurements using our same samples and
similar experimental conditions that should explain the cause of this difference. A follow-up
paper by the same group [9] found that reduction of NiFe,O4 at 500°C very quickly leads to its
complete conversion to an (Ni,Fe) alloy, with no indication that an oxygen-deficient spinel
(6 > 0) is formed as an intermediate. These observations highlight the difficulty in properly

measuring the §,,4, value of a spinel under reduction.

NiFe; 0, s

H,0 )
Ni.Fe, .0 My L - A i
L,Fe3,Uss +H, \ x’
%Hl

Regular spinel (&’ =

+C0
(Ni,Fe) BCC
(Ni,Fe) FCC (if x < 0.5)

y-spinel (6 < 0)
Ni,Fe;, 0, 5 N. (ifx 2 0.5)
Figure 5.6: Schematic of the H,-reduction and CQO,-oxidation process of an Ni,Fe; ,0,4_; spinel at 400°C.

Table 5.3: Estimated values of the deviation from oxygen stoechiometry (6') and the nickel to iron ratio of
the spinel phase (x") after each reaction step during the sample's reduction with hydrogen, as estimated
using the lattice parameter of the spinel phase in Figure 5.4 and Eq. 5.7-10. The initial values of é and x
are taken from Table 5.1. Values for &' are calculated just after the large initial increase in lattice parame-
ter (t ~ 0.7 h), whereas those for x' are calculated at the time when the input gases are switched from
reducing to oxidizing conditions.

Sample Before H, reduction®  After initial reduction Before H, reduction® Before oxidation
NFO0.0 6 =—-0.4617(8) 6' =-0.109(3) x=0 xX'=0
NF0.08 6 = —0.3544(9) 6' =—-0.061(4) x =0.25 x'=0.23
NFO0.18 6 =—0.2290(7) 6' =—-0.029(3) x=0.5 x'=0.47
NF0.33 6 = 0.0418(3) No change x=1.0 x' = 0.86
NF0.50 6 = 0.0591(7) No change x=1.0 x' = 0.88

a: Data taken from measurements at room temperature (Table 5.1)

The second step in the reduction of the NixFe; «O4.5 spinel is its gradual transformation to
metallic (Ni,Fe) alloys. According to the phase diagram, at 400°C, the (Ni,Fe) FCC phase is
stable with a minimum Ni fraction of ~50 at%, whereas the solubility limit of Ni in (Ni,Fe)
BCC is ~4 at%. This is why samples with a low initial content of nickel tend to reduce to the
BCC phase, whereas those with a higher initial nickel content to the FCC. As observed, the
slow increase in the lattice parameter of the spinel phase is associated with a preferential re-
duction of nickel from the spinel lattice (since nickel has a smaller radius than iron). The iron

content of the remaining spinel phase near the end of the reduction period of each experiment
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(x") can be calculated (Table 5.3) from their lattice parameter and by assuming that their aver-
age oxygen stoechiometry (8") does not change during this timeframe. These results show that
reduction causes only a slight change in the chemical composition of the spinel phase in the
given experimental timeframe, with the largest changes being observed in the samples with the
largest initial content in nickel. Had the Hj-reduction reaction been allowed to continue for a
longer amount of time, the observed change in the chemical composition of the spinel phase

would likely have been larger.

Reoxydation of the samples with CO, leads to a reversal of some of the changes that oc-
curred during reduction. The decrease in the lattice parameter of the (Ni,Fe) FCC phase during
that period attests to a preferential reoxidation of the iron into the spinel lattice, which is also
reflected by the reduction in the spinel phase's lattice parameter (especially for sample NF0.33
and NF0.50). For sample NF0.08, the decrease in the lattice parameter at the end of the exper-
iment is due to the reverse of the first reaction step during reduction with Hy; the sample's cal-
culated 6 value at the end of the experiment was -0.294(4), compared to its initial value of -
0.3544(9) prior to the reaction. This shows that the reoxidation reaction is not completely re-
versible in the given experimental timeframe. No trace of carbon appeared in the
diffractogram due to CO, exposure. However, considering that the reaction takes place at
400°C, some carbon should be expected from the Boudouard reaction. Each sample had a
dark-grey color post-reaction, compared to the dark-red color pre-reaction, which is most like-
ly due to the presence of some carbon on the sample. The carbon was probably amorphous and

present in small quantities, explaining why it was not detected with XRD.

We can demonstrate that the changes observed with the in situ experiments are close to lo-
cal thermodynamic equilibrium. Based on the known thermochemical data for these materials,
thermodynamic calculations that mimic these in situ XRD experiments were also performed
using the FactSage thermodynamics software package [18]: 1 mol of the NiFe,O4 spinel (cor-
responding to the NF0.33 sample) was exposed to a very small amount of 5% H; in He at
400°C, and the equilibrium composition was calculated. The spent H, gaseous phase was then
removed and replaced with a fresh H, mixture, and this process was repeated until no further
changes in the solid phase was observed. The results of these calculations are shown in Figure

5.7.
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Figure 5.7: a) Phases fraction and b) their respective Ni/(Ni+Fe) ratio calculated using the FactSage ther-
modynamics software package when 1 mol of NiFe,0, is reduced by 5% H, in He at 400°C. Red: Ni,Fe;.
«Oy4 spinel; green: (Ni,Fe) FCC; blue: (Ni,Fe) BCC. The black vertical dotted line serve as a delimitation
between the three different stages of the reaction. Similar data for Ni,Fe; ,O,4 spinels with different starting
values of x (0, 0.25 and 0.5) are available as supplementary information (Figure 5.11).

From a thermodynamics point of view, the reduction of NiFe,O4 occurs in three different
stages. The first stage involves the relatively quick reduction of nickel from the spinel lattice
to form the (Ni,Fe) FCC phase, which ends when there is little to no nickel left in the spinel
lattice. During that stage, the Ni/(Ni+Fe) ratio of the FCC phase starts at 1 (only nickel reduc-
es initially) and slowly diminishes as more and more iron is reduced from the spinel lattice.
The second stage in the reduction process is the slow reduction of Fe;O4. At that point, the
spinel phase does not contain any nickel and the iron reduced this way is incorporated into the
FCC phase, further reducing its nickel content. This continues until the solubility limit of iron

in the FCC phase at 400°C is reached. At that point, the iron that is reduced from the spinel
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phase cannot be incorporated into the (Ni,Fe) FCC phase anymore and forms the BCC phase
instead. This is the third and final stage of the reduction process, where there is a simultaneous
reduction of the remaining Fe;O4 phase and a transfer of some nickel from the (Ni,Fe) FCC
phase to the (Ni,Fe) BCC phase. This explains the decrease of the proportion of FCC phases
during that period and the constant Ni/(Ni+Fe) ratio of the BCC phase. This final stage contin-
ues until there is no spinel phase left (i.e. nothing is left to be reduced). Similar calculations
corresponding to the NF0.0, NF0.07 and NF0.18 sample are available as supplementary in-

formation (Figure 5.11), showing similar behavior to the one described above.

Some similarities can be observed between these calculations and the in situ XRD experi-
ments that were performed in this article. The simultaneous decrease of the spinel's and the
FCC's nickel to iron ratio in the thermodynamic calculation during the first stage (Figure 5.7)
are also indirectly observed in the in sifu experiments by the simultaneous increase in the lat-
tice parameter of these phases. Furthermore, the constant nickel to iron ratio of the BCC phase
is also highlighted by the constant lattice parameter of that phase. However, where the calcula-
tions and the experiments differ is that the in sifu results are not segregated into the discrete
steps with clear beginning and end points that are observed in Figure 5.7. In sample NF0.17,
for example, the FCC and BCC phases are created simultaneously rather than one after anoth-
er. Also, the calculated change in the chemical composition of the spinel phase (Table 5.3) is
small compared to what is predicted with the calculations. Finally, the thermodynamic empiri-
cal models cannot predict spinels with § # 0 (save minute oxygen vacancies at high tempera-
tures), since they are metastable phases. Therefore, the transition from a metastable y-type
spinel to a stoechiometric spinel that is observed at the beginning of the in sifu experiment
goes unnoticed in the FactSage simulations. These comparisons show that the thermodynamic
calculations are useful in understanding the trends that are observed in the in situ experiments,

but that they cannot altogether replace them.

5.7 Conclusion

A semi-empirical model that relates the chemical composition (x) and the oxygen
stoechiometry (&) of a spinel to its lattice constant was developed. This model was applied to

the nickel ferrite NixFes;.<O4.5 spinel and was shown to be accurate over a wide range of § and
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x. In situ XRD coupled to Rietveld refinement was then used to track the changes within the
spinel produced by induction plasma during H,-reduction and CO,-oxidation reactions at
400°C. We demonstrate that reduction occurs in two steps: a quick transition from a y-type
spinel (6 < 0) to a regular spinel (6§ = 0), followed by a preferential removal of nickel from
the spinel lattice leading to a specific path towards the formation of (Ni,Fe) FCC and/or BCC
phases, depending on the initial value of x. Whereas most reports in the literature focus on
experiments on NiFe;Oy4, the results that are shown here demonstrate the thermochemical be-
havior of nickel ferrite over a much wider range of chemical composition (x = 0,0.25, 0.5, 1).
The results show that the §,,,, value that can be achieved on nickel ferrites at 400°C without
any phase change is about 0, irrespective of the initial value of x, which is very different from

previous reports in the literature at 300°C (0.58 for NiFe,Os, as reported in [7]).

A subsequent exposure of the samples to CO; leads to a two-step oxidation of the sample,
each step being the inverse of those caused by H, reduction: first, there is a preferential rein-
troduction of iron back into the spinel lattice (with the (Ni,Fe) BCC phase being reoxidized
into spinel at a quicker rate than (Ni,Fe) FCC), followed by a transition from a regular spinel
to a y-type spinel. However, this second step does not lead to the complete reversal to the
sample's original state, which likely limits the long-term usability of this type of sample in a
cyclic process. Finally, thermodynamic calculations were shown to be useful in explaining the

observed behavior of the samples during the in situ XRD experiments.

This new model that we propose allows for a novel method of interpretation of in situ XRD
measurements, that can then help in the analysis of in situ XANES data. For future experi-
ments, we plan on comparing the results obtained in this article to those obtained from similar
experiments performed using in situ XANES in a synchrotron. Furthermore, this study opens
the door for the determination of the thermochemical properties of other spinels systems of
technological relevance. For example, understanding the behavior of spinels in a reactive envi-
ronment such as the one highlighted herein is important for catalysis since it allows the re-
searcher to link the changes in the properties of the phases of the sample to its change in cata-
lytic activity. This can be achieved by connecting the current in situ set-up to a gas chromato-

graph, further enhancing the relevance of the information that can be derived from the method.
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5.8 Supplementary Information

5.8.1 Parameter estimation for the crystal model of Ni,Fe; (045

The following is an estimation of the relevant parameters that are necessary for the use of
the semi-empirical crystal model derived in the main text. See the main text for definitions of

the variables that are used.

Cation-oxygen distances

Cation-oxygen distances are mostly affected by the type of cation, its oxidation state, its
coordination environment and its spin state. The most commonly used source for cation-
oxygen distances is the article by Shannon [108], although Poix [105] also tabulated some
values that apply specifically to spinel crystals. The cation-oxygen distances for nickel, iron
and manganese from both of these sources are reported in Table 5.4.

Table 5.4: Reference cation-oxygen distances of Ni’*, Fe’*, Fe*" and Mn”" at ambient conditions (T ~ 25°C,
6 = 0) for tetrahedral and octahedral coordination, as reported by Shannon [108] and by Poix [105]. Val-

ues from Shannon are given for high spin configuration, which is usually the case for transition metals in
spinels [1]. Values given are in Angstrom.

Coordination d?; i‘%‘f f;; M dg;lz{ - 33’06 dg;e%{ fé§°c dg; 2,22:_205; ¢ Source
Tetrahedral (4) 1.93 2.01 1.87 2.04 Shannon [108]
Tetrahedral (4) 1.970 2.003 1.855 2.041 Poix [105]
Octahedral (6) 2.09 2.18 2.05 2.21 Shannon [108]
Octahedral (6) 2.088 2.154 2.020 2.22 Poix [105]

Estimation of i and j

It is generally accepted that both nickel ferrite (NiFe,O4) and magnetite (Fe;O4) are inverse
spinels (i,j = 1). Their inversion parameters can be deduced from empirical models that con-
sider site occupancies of Ni*", Fe*” and Fe’* at various temperatures using the sublattice inter-
action parameter. The values of i and j were computed using the FactSage [18] thermodynam-
ic software (using the FTOxid database) and appear in Table 5.5 and Table 5.6. Accordingly,
an inversion parameter of 1 for Ni*" is a good approximation even at temperatures up to
600°C, but the same cannot be said for Fe*" above 300°C. In cases where § # 0, such as the
metastable y-spinels (not covered by the thermodynamic model assumed in FactSage), one can

assume that the inversion parameters are similar to the values given in Table 5.5 and Table
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5.6. The values in Table 5.5 and Table 5.6 show that the inversion parameters change slightly
with the chemical composition of the spinel.
Table 5.5: Values of 1 — i (the Ni’* inversion parameter) as a function of temperature and bulk chemical

composition (x), as calculated with FactSage [18]. Values are given as 1 — i instead of i to prevent round-
ing errors.

| Temperature (°C)
X 25 300 400 500 600
1 2.24E-11 9.80E-6  7.17E-5 2.98E-4 8.53E-4
0.5 1.66E-11 398E-6  2.50E-5 9.13E-5  2.39E-+4
0.25 1.42E-11 2.70E-6 1.66E-5 5.97E-5 1.54E-4

Table 5.6: Values of 1 — j (the Fe’* inversion parameter) as a function of temperature and bulk chemical
composition (x), as calculated with FactSage [18]. Values are given as 1 — j instead of j to prevent round-
ing errors.

| Temperature (°C)
X 25 300 400 500 600
0.997 5.22E-4 1.11E-1 2.14E-1 3.16E-1 3.99E-1
0.5 3.89E-4 5.74E-2 1.16E-1 1.82E-1 2.44E-1
0.25 3.34E-4 3.98E-2 8.07E-2 1.31E-1 1.81E-1
0 2.88E-4 2.74E-2 5.59E-2 9.21E-2 1.31E-1
+: Used as an estimate for x = 1, since no Fe?" is presentat x = 1 and § = 0

Estimation of Ad®

The importance of considering Ad? in the estimation of the lattice parameter from x, i, j can
be appreciated from the following example. The lattice parameters of NiFe,O4, Fe;04 and y-
Fe,03 were estimated (Table 5.7) using the inversion parameters for Ni*" and Fe*" at room
temperature (Table 5.5 and Table 5.6), the cation-oxygen distances of Table 5.4, Egs. 5.7, 5.8,
5.9b and 5.10c from the main text, and by letting Ad® = 0, which is equivalent to assuming
that vacancies do not affect the cation-oxygen distances. The results from Table 5.7 show that
the cation-oxygen distances from Poix give a better estimation of the lattice parameter of
Fe;0,4 and NiFe,O4 (for which § = 0, and thus where the value of Ad? is irrelevant) compared
to those of Shannon. However, large deviations appear for y-Fe,Os;, for which § = —0.5. The-
se results highlight the need to obtain good estimates of Ad® to establish a precise relation

between x, § and the lattice parameters of spinels when § # 0.

Values for Ad? are not readily available in the literature; instead, these values must be es-
timated experimentally or obtained from related data in the literature. The research group of Y.
Tamaura has published a series of articles [21-23, 27, 29, 111, 112] where they precisely and

independently measured the chemical composition and the lattice parameter of ferrites, Mn-
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ferrites and Ni-ferrites over a wide range of 0 (Table 5.8). These measured chemical composi-
tion can be used to calculate a lattice parameter using the model derived in the main text,
which can then be compared to the measured one (Figure 5.8), similarly to what was done in
Table 5.7. For the Mn-ferrites, the inversion parameter of Mn®" (i) calculated using FactSage
is about 0, which means that the Mn cations tend to stay on the tetrahedral sites.

Table 5.7: Calculated room-temperature lattice parameters of NiFe,0,4, Fe;0, and y-Fe,0; calculated us-
ing Eqs. 5.7-10, with the cation-oxygen distances from Poix and Shannon (Table 5.4), and assuming that
Ad® = 0, along with reference lattice parameters obtained from the ICDD database. Values in parentheses

in the last two columns are the difference between the reference and calculated values, given as a relative
percentage. Lattice parameters are in Angstrﬁm.

Phase x ) a, reference PDF reference file ay Poix a, Shannon
NiFe,0, 1 0 8.334(4) 04-014-8266 %0382)7 f3977697(;

Fe0, 0 0 83985(5) 04-015-9120 ?:3.22%%7) f15142729)
vFe,0; 0 -05  83416(7) 04-014-1682 ?ﬁ;%‘)l f:31)32987)

The data in Figure 5.8 shows that the lattice parameters calculated using the cation-oxygen
distances from Shannon are systematically larger by about 0.08 to 0.10 A compared to those
using the data from Poix. This difference mainly arises from the significantly larger Fe*-O
and Fe**-O distances reported by Shannon. Furthermore, when § = 0, the difference between
the measured and calculated a, using the cation-oxygen distances from Poix are close to 0,
which indicates an accurate model. Combined, these results indicate that the cation-oxygen
distances tabulated by Poix are more appropriate for spinels compared to those by Shannon,

and these are the values that will be used henceforth.

This difference in accuracy is likely due to the fact that the cation-oxygen distances from
Shannon [108] differentiates between the high and low spin states of Fe*" and Fe’* on the oc-
tahedral site, whereas the data from Poix [105] does not. Our assumption in Table 5.4 that all
cations are in the high spin configuration is probably not entirely accurate since a small
amount of low spin cations may be present, which would have the effect of decreasing the
calculated lattice parameter and thus increasing the accuracy of the model when using the cat-
ion-oxygen distances from Shannon. The cation-oxygen distances from Poix can thus be con-
sidered as the weighted average of the actual high/low spin distances present in spinels. If the

distribution of high and low spin cations in a spinel were to be either calculated or measured,
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we suspect that the cation-oxygen distances from Shannon could also be used to accurately

predict the lattice parameter of that spinel.

Table 5.8: Chemical composition and lattice parameter of ferrites, Mn-ferrites and Ni-ferrites, inde-
pendently measured in refs. [21-23, 27,29, 111, 112]. Lattice parameters are in Angstrﬁm.

Measured chemical composition Measured a;  Ref.
Mnyg o7 Fe;.0204.00 8.498 [111]
Mng o7 Fe; 020302 8.505 [111]
Mng g7 Fe; 020391 8.506 [111]

Fe, 4,0, 8.390 [21]
Ni3%,Fe2toFe3to0, o0 8.3870 [21]
Fes 000405 8.395 [29]
Nig3oFe; 610401 8.376 [29]
Nidt FedtFe3t,0, 10 8.372 [27]
Nig%oFestoFed 20401 8.376 [27]
Ni3toFe2%,Fedt. 0569 8.378 [27]
Ni§teFett,Felt;03 79 8.380 [27]
Nidt FeZt Fe3t<0402 8.375 [22]
Nidt,Feit Fe3t,0;,, 8.377 [22]
NidtoFe2t.Fedts0564 8.378 [22]
Nig5oFett  Fel 600361 8.381 [22]
Nidt FeZtoFe3t,04.00 8.375 [23]
Nig%oFeltsFeis; 0579 8.378 [23]
Nidt Fe?t Fe3t 05,6 8.379 [23]
Nit FeZtoFedt, 056 8.378 [23]
Ni§toFeltsFelts0s73 8.379 [23]
Mn3tgFedt Fe31,04 00 8.460 [112]
Mn?},Fe3t Fe3t,0, .00 8.498 [112]
MnZt o Fe2t  Fedt,05 o4 8.501 [112]
Mn2t Fe2t Fe3t 50,409 8.387 [112]
Mn3%,Fe?t ,Fe3t. 0503 8.399 [112]
Mn3%,FedtoFedt 0540 8.433 [112]
Mn2toFedt,Fedt 0545 8.474 [112]
Mn2%,Feéi,Fe3t,0, 1, 8.413 [112]

The data from Figure 5.8 shows that, if a value of Ad® = 0 is assumed (i.e. that vacancies
do not affect the cation-oxygen distances), the relative difference between the experimental
and estimated ay can be reasonably approximated with a line, which justifies that a linear func-
tion was assumed in Eq. 5.10a. Accordingly, the data in Figure 5.8 can be used to estimate

Ad?® from the slope of a line that fits the values of (a, exp — Qo caic) (Table 5.9).

Considering that the change in cation-oxygen distances is due to a different phenomenon
for negative and positive values of 6 (cationic and anionic vacancies, respectively), two values
of Ad® were calculated from the data according to the sign of §. Furthermore, as Shannon ex-

plains [108], changes in the cation-oxygen distances with respect to & (Ad®) should vary ac-
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cording to the type of cation. However, considering the limited scope of the currently available
data, values of Ad® were instead estimated for each type of ferrite (ferrite, nickel ferrite and
manganese ferrite). The Ad%-corrected data in Figure 5.8 shows that the crystal model derived
here gives an estimate of the lattice parameter within a reasonable precision of 0.02 A for the
Mn-ferrites and 0.01 A for the Ni-ferrites at room temperature. However, the results from the
model is generally slightly less accurate for negative values of d. Inversely, the same set of
data in Table 5.8 used to predict the value of 6 instead of the lattice parameter can do so at a

precision of about + 0.07.
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Figure 5.8: The difference between the measured lattice parameter (a, x,, Table 5.8) and the calculated
lattice parameter (a, ., .) calculated from Eqs. 5.7-10 using the cation-oxygen distances obtained from Poix
(blue) and Shannon (green) for Ni-ferrites (diamonds), Mn-ferrites (circles) and ferrite (squares), using a
value for Ad® of 0. The same data calculated with the cation-oxygen distances from Poix and using the
values of Ad® found in Table 5.9 is also shown in red. The measured lattice parameters were obtained from
refs [21-23,27,29, 111, 112] and from Table 5.7. All measurements and calculations are for room temper-
ature.

Table 5.9: Calculated values of Ad®, the rate of change of the cation-oxygen distance with respect to vacan-
cies, estimated for Ni-ferrites, ferrites and Mn-ferrites from the data in Figure 5.8.

. Ad®
Spinel type M; 5<0 550
Ni-ferrite Ni", Fe’", Fe’™  0.02331  0.04688
Ferrite Fe*’, Fe** 0.02250  0.07956
Mn-ferrite  Mn*", Fe*", Fe**  0.01619  0.05889
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Estimation of AdT

AdT can be correlated to the linear lattice expansion and is obtained from the relative dif-
ference of the lattice parameters at two reference temperatures. Here, this was estimated for
each sample (Table 5.10) from the lattice constant at room temperature and another at 400°C

before flowing H,, when the sample is still under He.

Table 5.10: Calculated lattice parameter of the spinel phase obtained from the Rietveld refinement of the
diffractogram of the sample exposed to a helium atmosphere at 400°C, and the corresponding calculated
temperature correction factors (Ad”) for the cation-oxygen distances in Table 5.4.
Sample NFO0.0 NF0.08 NFO0.17 NF0.33 NF0.50
ao @ 400°C  8.3750(9)  8.3695(7) 8.3680 (5) 8.3707 (4) 8.3732(5)
AdT (K 9.9(3)E-6 9.2(2)E-6 9.0(2)E-6 9.9(1)E-6 9.6(2)E-6

5.8.2 Additional data

50 nm

b)

Figure 5.9: STEM-EELS analysis of the NF0.08 sample (a) and the NF0.17 sample (b) prior to any reac-
tion, with the iron represented in red and the nickel in blue.
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Figure 5.10: XRD profiles of sample a) NF0.0, b) NF0.08, ¢) NF0.17, d) NF0.33, ¢) NF0.5 and f) NF1.0 at
400°C when exposed to reducing (5% H, in He) and then oxidizing (10% CO, in He) conditions. The verti-
cal black dotted line highlights the time at which this change of condition occurs.
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Figure 5.11: Phases present (a) and their respective Ni/(Ni+Fe) ratio (b) calculated using the FactSage
thermodynamics software package when 1 mol of Ni,Fe; O, is reduced by 5% H, in He at 400°C for the
case of x =1 (red), 0.5 (green), 0.25 (blue) and 0 (black). Full line: spinel phase; dashed line: (Ni,Fe) FCC
phase; dotted line: (Ni,Fe) BCC phase.
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Au cours de cette thése, des nanoparticules de ferrite de nickel NiyFe; xO4.5 ont été synthéti-
sées par plasma inductif. Il a ét¢ démontré que la technique offre un excellent contréle sur la
composition chimique et cristallographique des nanoparticules qui sont synthétisées via le
controle du ratio de nickel sur fer dans la solution de précurseurs. Ainsi, pour un ratio
Ni/(Ni+Fe) < 0.33, il a été démontré qu'il y a production de nanoparticules de spinelle Niy.
Fe; 4045 (0 <x < 1) ayant une valeur de d telle que presque tous les cations de fer sont a 1'état
d'oxydation 3+. Pour un ratio > 0.33, une phase spinelle NiFe,O4 sera formée, avec le nickel
excédentaire (et un peu de fer) qui formera une phase secondaire du monoxyde (Ni,Fe)O. Ces

résultats sont en accord avec le diagramme de phase pseudo-binaire du systeme Ni-Fe-O.

Les nanoparticules produites par plasma inductif peuvent avoir deux types de morpholo-
gies, selon 1'endroit ou elles sont recueillies dans le réacteur : celles recueillies sur les filtres
sont facettées, avec une taille moyenne d'environ 30 nm et une distribution de taille log-
normale, tandis que celles du réacteur principal sont un mélange des particules recueillies sur
le filtre et d'un agglomérat de petite taille ayant une forme aléatoire et une taille caractéristique
de 3-5 nm. Dans tous les cas, les nanoparticules qui sont produites sont hautement cristallines,
sans avoir recourt a une étape de recuit. Les particules facettées du filtre ont une morphologie
qui varie selon le ratio global Ni/(Ni+Fe) de la solution de précurseurs. Pour un ratio < 0.50,
les particules ont une forme d'octa¢dre tronqué. Dans le cas d'un ratio entre 0.33 et 0.50, les
particules sont composées des phases NiFe,O4 et (N1,Fe)O; dans ce cas, la phase (Ni,Fe)O se
dépose de fagon préférentielle sur les facettes {110} et {111} du NiFe,O,, tout en laissant les
facettes {100} exposées. Ainsi, les nanoparticules produites par plasma inductif peuvent donc
étre considérées comme étant nano-architecturées. Pour un ratio Ni/(Ni+Fe) de 0.75, la grande
proportion globale de (Ni,Fe)O (~78 wt%) fait en sorte que les nanoparticules adoptent une
morphologie aléatoire et interconnectée. Finalement, lorsque la solution précurseur ne contient

que du nickel, les nanoparticules auront la forme de nanocube de NiO.

Un mod¢le semi-empirique qui relie la composition chimique (x) ou la steechiométrie en
oxygene (§) d'un spinelle NiyFes; <O4.5 a son paramétre de maille a été développé. Ce modéle a
été utilisé pour interpréter les résultats d'analyses de DRX in situ sur les nanoparticules de

ferrite de nickel lors de leur réduction et oxydation a 400°C. Les résultats montrent que la ré-
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duction par I'hydrogeéne se déroule en deux étapes : premiérement, si la nanoparticule était un
spinel de type vy (8§ < 0), il y aura une transition rapide vers un spinelle steechiométrique
(8 = 0); ensuite, il y aura une réduction plus lente du spinelle (avec une réduction préférentiel-
le du nickel comparé au fer) pour former un alliage métallique (Ni,Fe) FCC et/ou BCC. La
phase FCC sera privilégiée pour les échantillons ayant une grande quantité initiale de nickel,
tandis que ce sera la phase BCC pour les échantillons ayant un fort contenu initial en fer. La
réoxydation de ces échantillons par le dioxyde de carbone se déroule également en deux éta-
pes. En premier lieu, les phases BCC et FCC se réoxydent vers la phase spinelle, avec une
réoxydation préférentielle du fer (et donc une réoxydation plus rapide de la phase BCC). Lors-
que tous les alliages métalliques ont réoxydé en spinelle, il y aura ensuite une transition lente
d'un spinelle steechiométrique (6 = 0) a un spinelle de type y (6 < 0), bien que la valeur de &
finale sera plus grande que dans I'échantillon avant réaction. Les résultats montrent donc que
le processus est seulement partiellement réversible. Ces observations sont en grande partie en
accord avec des calculs thermodynamiques qui simulent ces expériences, et qui sont utiles

pour interpréter les résultats de DRX in situ.

Plusieurs résultats novateurs ont été obtenus a travers les travaux de cette these. Un proto-
cole clair et facilement reproductible a ét¢ développé pour la syntheése de nanoparticules de
ferrite de nickel NixFe; <O4.5 par plasma inductif. De plus, il a ét¢ démontré pour la premicre
fois que la technique du plasma inductif est capable de produire de facon controlée des nano-
poudres multiphasées et nano-architecturées. Nous estimons qu'il est possible d'étendre la mé-
thode pour synthétiser des nanopoudres multiphasées et nano-architecturées pour des systémes
autre que le NiFe,O4 / (Ni,Fe)O, pourvu que le diagramme de phase du systéme considéré
contienne une zone de plusieurs phases a haute température. De plus, le degré d'analyse des
nanoparticules au chapitre 4 est de loin plus avancé comparé a ce qui est habituellement fait
pour des nanoparticules produites par plasma inductif, et devient utile pour mieux comprendre

leur mécanisme de formation dans le réacteur plasma.

Au chapitre 5, nous avons également développé un modele cristallographique semi-
empirique qui augmente considérablement le potentiel de celui dérivé au préalable par Poix
[105]. Ce nouveau modele permet de calculer la composition chimique ou la steechiométrie en
oxygene d'un spinelle a partir de son paramétre de maille, ce qui augmente le niveau d'infor-

mation qui peut étre extrait d'une analyse DRX d'une phase spinelle. De plus, les analyses de
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DRX in situ sur les nanopoudres de ferrite de nickel ont permis d'améliorer notre compréhen-
sion du comportement thermochimique de nanoparticules NiyFe; O4s lors de réactions de
réduction et d'oxydation. Ce type d'analyse est relativement nouveau, et la méthode que nous

avons développée ici sera utile pour planifier de futures expériences similaires.

Ce projet de recherche ouvre la porte a plusieurs chemins d'exploration pour des travaux de

recherche futurs. Par exemple :

e Des expériences sont présentement en cours pour adapter le protocole de synthése proposé
ici pour la production de ferrites de cobalt, manganése, cuivre et zinc, et ainsi augmenter
l'applicabilité de 'approche développée lors de cette thése de doctorat;

e La méthodologie de DRX in situ développée au chapitre 5 pourrait étre adaptée pour plu-
sieurs types de réactions chimiques d'une grande utilité pour l'industrie, tel que le water-gas
shift afin de mieux comprendre les changements de la ferrite de nickel lors de telles réac-
tions;

e Les propriétés magnétiques des nanoparticules de ferrite de nickel les rendent susceptibles
au chauffage par induction magnétique. Il serait donc possible de concevoir un procédé de
catalyse a chauffage assisté, ou les nanoparticules de ferrite de nickel sont chauffées sélec-

tivement et rapidement tout en catalysant une réaction chimique.
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