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RESUME

L'¢lectrocatalyse des réactions impliquant de petites molécules (CO,, H,O, O,, NO5'...) est au
ceeur de plusieurs problémes énergétiques et environnementaux cruciaux pour l'avenir.
Cependant, la conception d'électrocatalyseurs sélectifs, efficaces mais aussi économiques et
respectueux de l'environnement pour ces réactions reste un défi majeur. L'électrochimie de ces
molécules implique des processus de transfert multi-¢lectroniques complexes avec la formation
de différentes especes et produits intermédiaires résultant en une lente cinétique de réaction.
Pour de telles réactions, le développement de nouveaux catalyseurs hybrides tandem efficaces
et sélectifs, impliquant différents types de sites actifs catalysant les transformations des
intermédiaires de réaction, est nécessaire. Le but principal de cette thése est d'explorer le
potentiel des polyoxométallates (POMs) associés aux nanoparticules métalliques pour catalyser
la réduction des nitrates et des nitrites. Pour ces matériaux hybrides, on s'attend a ce que les
nanoparticules métalliques et les entités POMs fonctionnent en paralléle et synergie pour

catalyser les différentes étapes de réduction des NOx (nitrates, nitrite, etc...).

A travers le monde entier, I’expansion et I’intensification de 1’agriculture ont conduit a une
utilisation croissante des engrais, ce qui a dégradé la qualité de 1’eau des rivicres, des lacs et
des eaux marines. Le nitrate est le contaminant chimique le plus courant dans les aquiferes des
eaux souterraines. Dans la nature, le nitrate et ses dérivés nitrites peuvent provoquer
I’eutrophisation dans les riviéres et empécher 1’élimination du phosphore dans le systéme de
purification de 1’eau.! Une quantité élevée d’ions nitrate (40 ppm) dans I’eau potable a été
identifiée comme une cause de la méthémoglobinémie (syndrome ‘baby-blue’), qui est une
maladie sanguine fatale chez les nourrissons de moins de six mois.> Le nitrate et le nitrite
peuvent aussi provoquer certains cancers, comme par exemple le cancer colorectal et le cancer
de la vessie, chez les animaux de laboratoire.” Pour ces raisons, le développement de nouveaux
catalyseurs efficaces et sélectifs devient une mission urgente. Dans le corps humain, le nitrate
peut étre transformé en nitrite dans la salive par la microflore par voie orale. Par conséquent,
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ces deux composés sont souvent discutés conjointement.

Un systéme catalytique prometteur doit étre capable a transformer les ions nitrates en diazote
gazeux, gaz inoffensif, de manicre efficace et pas cher. Les processus biologiques et les
processus physico-chimiques comme 1’osmose inverse et I’échange d’ions sont les méthodes

les plus largement appliquées pour éliminer les ions de nitrate de l'eau potable, certains



inconvénients évidents sont connus. Par exemple, le systéme de dénitrification biologique peut
étre contaminé par les bactéries mortes, tandis que les processus physicochimiques actuels ne
peuvent pas réduire le nitrate pour former des composés inoffensifs, mais seulement les
concentrer (saumure), ce qui nécessite un traitement ultérieur.” Dans ce sens, le processus

électrocatalytique apparait comme la technologie la plus prometteuse.’

Les difficultés principales de 1'¢lectroréduction des ions nitrates et / ou nitrites sont dues a : 1)
la cinétique de réaction lente qui engendre des surtensions et un courant a appliquer élevé ; ii)

le grand nombre d'espéces et de produits intermédiaires possibles :

NO3 + 4H;0* + 3e™ = NO(g) + 6H,0 E® = 0,958 V/ENH
2NO3 + 12H;0* + 10e™ = N,(g) + 18H,0  E° = 1,246 V/ENH
NO3 + 10H;0" + 8e~ = NH} + 13H,0 E® = 0,875 V/ENH
2NO3 + 6H;0" + 4e~ = N,0(g) + 9H,0 E® = 1,396 V/ENH
NO; + 6H;0* + 4e~ = NH;O0H* + 7H,0 E® = 0,673 V/ENH
NO; + 8H;0* + 6e” = NHf + 10H,0 E° = 0,897 V/ENH

Par conséquent, 1’¢électrocatalyse de la réduction des NOx avec une formation sélective de
produit, tel que le diazote (N;) pour la dépollution environnementale de 1'eau, sans produire

d'autres produits restant polluants et indésirables tels que I'ammoniaque, est un défi.

Dans la littérature, différent types de catalyseur ont déja publiés. Dans les enzymes naturelles
telles que la nitrate réductase, on peut catalyser la réduction du nitrate en nitrite, le complexe
molybdopterine (molybdéne-soufre) étant le site actif comme présenté en Figure 1.” D'autres
catalyseurs moléculaires ont également été étudiés comme les complexe de Mo. Cependant, la
plupart des études ont été¢ menées avec des catalyseurs monométalliques et bimétalliques. Sur
la base des études publiées, le Pt et le Pd massifs ont été tres efficaces pour la réduction des
nitrites tandis que le Pd est sélectif vis-a-vis de la formation de N,.* Dans le cas de la réduction
des nitrates, le Cu et I'Ag ont été considérés comme les catalyseurs monométalliques les plus
efficaces.” L’étape cinétiquement déterminante sur ces deux électrodes métalliques est

considérée comme étant la réduction des nitrates en nitrites :

NO3 + 2H;0% + 2e” = NO3 + 3H,0 E° = 0,835 V/ENH

i



D'autres améliorations de I'efficacité catalytique nécessitent un niveau de complexité accrue
dans la conception du catalyseur.

(B)

NO; +2H* NO, +H,0

Periplasm

Nar H

Figure I : Réductase de nitrate NarGHI en tant que le complexe molybdoenzyme de fer-soufre (CISM).
A) Les trois sous-unités de NarGHI sont incorporées dans la membrane cytoplasmique avec les sous-
unités NarGHI orientées vers le compartiment cytoplasmique. B) Le transport d'électrons de NarGHI

pour la réduction des nitrates. (Réimprimé a partir de la référence 7 avec l'autorisation d'Elsevier).

Dans ce travail de these, le travail se concentrera sur le développement de nouveaux catalyseurs
associant des polyoxométallates (POMs) et des nanoparticules (NPs). Les POMs sont des
clusters inorganiques anioniques du type métal-oxygene constitués d’¢lément métalliques dans
leur état d’oxydation le plus élevé, avec des propriétés ¢Electroniques, magnétiques et
catalytiques remarquables. Diverses structures de POMs ont été étudiées, parmi lesquelles les
types Lindqvist, Anderson, Keggin et Dawson (Figure 2) sont les plus connus. Ces composés
sont trés intéressants pour la catalyse ou la photocatalyse car il est possible d’ajuster leurs
potentiels redox et leurs propriétés d’absorption du rayonnement UV suivant leurs structures,
leurs charges, etc... En présence d’un donneur sacrificiel et sous illumination, les POMs peuvent
étre utilisés comme photocatalyseurs pour réduire des ions métalliques et former les
nanoparticules métalliques correspondantes. Selon les études qui sont déja publiées, les
polyoxométallates (POMs) ont démontré la capacité de stabiliser les nanoparticules montrant

qu’ils jouent a la fois le role de catalyseur et de surfactant.

o = &

Lindqvist Anderson Keggin

5 h Dawson
MgO1el [XMgO54] [XM;,0,01™ [X,M450g,1™

Figure 2 : Représentation de différentes structures de polyoxométallates (POMs).
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La possibilité d'insérer des métaux de transition tout en conservant leurs structures rend les
POMs intéressants pour de nombreux application en catalyse pour des réactions telles que
l'oxydation des oléfines par [Ru"(H,0)(SiW11030)]”, la réduction de diméthylsulfoxyde
(DMSO) par [Ru™(H,0)(PW1,030)]*, la réduction de CO; par (TOA)s[a-( )Co"(SiW11039)],
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etc.

En particulier, la réduction des ions nitrite peut étre catalysée par divers POMs tels que
[SiW12040]"."" La catalyse est observée dés que 1’on atteint le potentiels de réduction de POM.
Celle-ci est également trés dépendante du pH. Trois couples redox successifs en réduction sont
observés pour [SiW1,040]". Les deux premiers processus (pics I et IT) sont indépendants du pH
dans une plage de pH de 1 a 5 tandis que le troisieme processus (pic III) est dépendant du pH
(60 mV / pH). Le courant cathodique est proportionnel a la racine carrée de la vitesse de
balayage pour I’ensemble des trois réductions, ce qui indique un processus contrélé par la
diffusion. A pH < 2, une augmentation significative du courant catalytique pour I’ensemble des
trois pics cathodiques peut étre observée apres 1'ajout de NaNO, dans la solution. L'activité sur
le processus I est illustrée sur la Figure 3. Le meilleur courant catalytique est obtenu a pH 1,
ensuite le courant catalytique diminue avec I’augmentation du pH. A pH > 3, aucune réponse
catalytique n'est observée dans la gamme de + 0,1 V a - 0,6 V par rapport a Ag/AgCl, mais un

courant catalytique est observé a la troisiéme vague de réduction (Figure 3).

E/V vs. Ag/AgCl E/V vs. Ag/AgCl

. 1 rostir 4- , . . .
Figure 3 : CVs de I mmol-L™" [SiW;,04]" avec [’électrode en carbone vitreux dans des solutions de
. _l . I L .
pH variable avec 2 mmol-L™" NaNQO,, vitesse de balayage : 10 mV-s~. (Reproduit a partir de la
référence 11 avec l'autorisation d'Elsevier).

Cependant, seuls des POMs substitués par des ions Cu", Ni"" et quelques POMs substitués par

le Fe ont montré une activité pour la réduction des nitrates.

v



En 2001, Keita et ses collégues ont publi¢ un POM de type Dawson [Cu''P,W5sMo,]* qui était
actif pour la réduction des nitrates a pH 3.'* Un travail de comparaison entre [Cu"P, W sMo,]%,
[PaW15sM0,061]"" et [PaW15sM03062]% a également été mené. Il a été démontré que la présence
d'ions Cu" était indispensable pour catalyser la réduction des nitrates. Aprés cela, d’autres
études ont été menées pour augmenter le nombre d'ions Cu' dans la structure du POM
conduisant a concevoir des POM tels que [Cu'2CI(OH)24(H20)12(PsW4sO154)]*>” montrant que
'intensité du courant catalytique augmente avec le nombre d'atomes de Cu dans la structure.
Cependant, au stade actuel, 1'étude de la réduction des ions nitrates a ét¢ menée uniquement en
solution. En effet, en raison de la grande solubilité en solution aqueuse, les POMs ne sont pas
de bons candidats pour étre utilisés comme catalyseur hétérogéne. Récemment, Imar et ses
collégues ont immobilisé un polyoxométallate substitué par des ions Cu" et des nanoparticule
d’argent sur la surface de I'électrode en présence de polymeéres. Les films préparés ont montré
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une activité pour la réduction des nitrates.

Dans la présente thése, nous allons essayer de comprendre les facteurs d'influence sur
I’efficacité de la catalyse de réduction des nitrates en utilisant différents POMs substitués avec
des ions Cu" puis comparer leurs activités catalytiques lorsque ces mémes dérivés sont associés
a des complexes d'alendronate de cuivre (CuAle). La réduction photocatalytique des ions
d'argent en présence de POM a été largement étudiée dans notre groupe, la taille et la forme des
nanoparticules d'argent peuvent étre contrdlée en fonction des conditions de formation
(concentration en POMs et Ag(I), température, concentration du donneur sacrificiel d’électron).
Ainsi, les nanoparticules d’Ag@POM seront étudiées pour leur capacité a former un catalyseur
hétérogene pour la réduction des nitrates et / ou des nitrites. Dans la dernicre partie, les POMs
seront immobilisés dans des matrices MOFs (Metal-Organic Frameworks) afin d'améliorer
la stabilité des catalyseurs pendant la réaction catalytique. L’association de POMs aux MOFs
permet aussi de réaliser un catalyseur hétérogéne pour la réduction des NOy. Nous allons étudier
si les POMs conservent leurs propriétés électrochimiques et leurs propriétés électrocatalytiques

apres leur insertion dans les matrices MOFs.

I. Réduction de NOy sur électrode de Cu ou d’Ag en présence ou en absence de

polyoxométallates.

D’apres les travaux publiés, les électrodes en Cu et en Ag sont des catalyseurs intéressants pour

la réduction de nitrate. La quantité de catalyseur métallique peut étre considérablement réduite
v



en utilisant des nanoparticules au lieu des matériaux massifs. Cependant, les nanoparticules
doivent étre protégées par un agent de recouvrement afin d’empécher leurs agglomérations, ce
qui entrainerait une diminution de l'efficacité catalytique. A cet égard, les POMs sont des
composés trés prometteurs, car ils peuvent étre utilisés a la fois comme des agents stabilisants
(surfactants) pour stabiliser les nanoparticules métalliques et aussi comme des co-catalyseurs
pour le processus en tandem puisque les POMs sont également actifs pour la réduction des
nitrates et des nitrites. L.’association des POMs avec des nanoparticules métalliques catalytiques
peut conduire a améliorer les propriétés catalytiques et peut permettre d’ajuster la sélectivité de

la réaction.

Dans ce travail, la réduction de nitrate et de nitrite est d’abord étudiée sur électrode de Cu ou
électrode d’Ag, avec ou sans la présence de POM a pH 5 (1 mol'L™' CH;COOLi + CH;COOH)
etapH1 (0,5 mol-L™! Na,SO, + H,SO,), afin de comprendre le role de I’entité de POM dans la
réduction électrocatalytique. Dans ce but, le polyanion du type Keggin [SiW204]" est choisi
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pour sa capacité a catalyser la réduction des ions nitrites.

La propriété électrochimique de [SiW204]" a d’abord été étudiée sur électrode de Cu et
électrode d’Ag a pH 1 et 5. Les résultats sont comparés avec ceux obtenus sur électrode de
carbone vitreux (GC). Trois vagues de réduction sont observées sur électrode GC (Figure 4) a
pH 1 et pH 5 qui sont attribuées a la réduction successives d’atomes W"'. Les deux premiers
processus (-0,25 V et -0,50 V vs. ECS) sont indépendante du pH alors que troisiéme processus
mesuré a -0,72 VapH 1 et a -0,95 V a pH 5 varie avec le pH de la solution (60 mV/pH).
L’intensité de courant du premier pic de réduction est proportionnelle a la racine carrée de la
vitesse de balayage, ce qui indique le courant est limité par la diffusion du POM a I’¢électrode.
En revanche, seulement deux réductions successives sont observées sur ¢lectrode de Cu et
électrode d’Ag du fait que les surfaces métalliques sont plus actives pour le dégagement de
dihydrogéne H, (Figure 4). A pH 1, [SiW1204]" se réduit a des potentiels légérement positifs
sur électrodes de Cu et d’Ag par rapport a I’électrode de carbone vitreux. A pH 5, [SiW1,040]"
se réduit plus difficilement sur électrode d’Ag avec un décalage plus négatif de 30 mV pour le
processus I et de 50 mV. Ces modifications des potentiels redox reflétent une forte interaction
entre les POMs et la surface métallique affectant ainsi les propriétés électrochimiques.
L’intensité de courant est proportionnelle a la vitesse de balayage indiquant que le POM

[SiW12,040]" est bien adsorbé a la surface d’électrodes métalliques.

Vi
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Figure 4 : CVs de [Si 14//_104,;]4’ sur electrode de GC, de Cuou d’Ag a pH 1 (0,5 mol-L”" Na,SO, +
H>SO4),v=2m Vs,

Les propriétés électrocatalytiques de [SiW2049]" ont étudiées dans les mémes milieux. Pour
mieux comparer les propriétés catalytiques, le début de catalyse est défini au potentiel ou la
différence de courant AI = Iy- Inoy est égale 3 0,5 wA, ce qui correspond a 7,15 pA/em?. I est
défini comme lgjectrode quand aucun POM n’est présent dans la solution. lgjectrode+pom correspond
au courant mesuré lorsque le POM est ajouté dans la solution. Cette valeur 0,5 pA permet de
comparer les performances catalytiques des différents systémes, car il est assez faible pour
déterminer le potentiel de départ auquel la réduction catalytique se produit sans influence
significative du transport de masse. Le courant est dans le méme temps, suffisamment élevée

par rapport au courant de base.

Dans les deux solutions, 1’¢lectrode GC n’est pas active pour la réduction des nitrites. Apres
I’ajout de [SiW12040]", une augmentation de courant, qui devient catalytique, est observée au
potentiel de la premiére réduction du couple WYV dans la solution & pH 1. A pH 5, cette

: 7 A s A I : VI/V
augmentation est observée seulement a la troisiéme réduction de W

, en accord avec des
travaux déja publi¢s.”” Dans la cas de I’emploi d’électrodes de Cu et d’Ag, I’électrode massive
seule est déja active pour la catalyse de la réduction des ions nitrites. Le potentiel de départ est
mesuré a -0,26 V a pH 1 sur électrode Cu (Figure 5A). Le courant augmente dans toute la
gamme de potentiel mesuré sur électrode Ag mais I’intensité du courant est trop faible pour

définir le potentiel de départ pour le début de la catalyse.
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Aprés D’addition de [SiW,040]", I’intensité de courant catalytique augmente de fagon
significative. Le départ de la catalyse de la réduction des nitrites est avancé aux potentiels
similaires pour les deux électrodes de Cu et d’Ag (-0,18 V et -0,19 V). Une synergie entre le
Cu et le POM est observée dans la plage de potentiel entre -0,40 V et -0,57 V vs. ECS a pH 1

(Figure 5B et 5C). Des observations similaires sont obtenues a pH 5.

A) B)

f

L.
2 0 :
- T 20
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Figure 5 : Electroréduction de HNO, sur [’électrode de Cu en absence de K 4[SiW;,04] “(4) ou en
présence de 0.1 mmol-L”’ K}[SiW/_vaﬁ’ (B). (C) comparaison de (4) et (B).

Dans le cas de la réduction des ions nitrates, I’¢lectrode de carbone vitreux n’est pas active
méme en présence du POM. Sur électrode de Cu, les ions NO3” commencent a se réduire de
manicre électrocatalytique a -0,63 V vs. ECS a pH 1 alors que dans le cas d’Ag, le potentiel du
départ de la catalyse est difficile a mesurer a pH 1. En présence de POM, I’activité catalytique
du Cu pour la réduction des ions NO;" est exaltée au-dela de -0,52 V vs. ECS. De plus, le courant
de réduction augmente avec la quantité de NOs ajoutée. Des résultats similaires sont obtenues

apH>5S.

Sur ¢électrode d’Ag, I’activité catalytique pour la réduction des ions NOs™ est moins importante
que sur ¢lectrode de Cu. Cependant, aprés 1’ajout de POM en solution, le courant catalytique
devient plus important et le potentiel catalytique est mesuré a -0,57 V. Dans la solution a pH 5,
seul une faible augmentation de courant catalytique est observée sur ¢lectrode d’Ag, mais en
présence de POM, aucun changement n’est observé. Cela démontre que [SiW1,040]" inhibe
I’activité de I’Ag dans cette condition. La Figure 6 montre la réduction électrocatalytique des
ions nitrates sur les trois types d’électrodes (GC, Cu et Ag) a pH 1 et a pH 5 en présence de
POM:s.
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Figure 6 : Réduction de 1 mmol-L”™ NaNOj; en présence de 0,1 mmol-L™" [SiW,04]" sur les électrodes
-1
de GC, CuouAg, v=2mlV-s".

Dans ces deux cas, la présence de POM conduit a une amélioration de 1’activité catalytique des
électrodes dans les conditions adaptées. Par la suite, on pourra également utiliser les POMs
pour décorer les nanoparticules de Cu ou d’Ag en espérant une amélioration des performances

catalytiques des matériaux obtenus.

II.  Propriétés électrochimiques et électrocatalytiques du

polyoxomeétallate/alendronate substitué¢ au Cu

En sus de Pactivité catalytique de 1’électrode métallique massivede Cu, on a constaté que les
POMs substitués avec des ions cuivriques Cu'" possédent également une activité significative
pour la réduction du nitrate. Ainsi, 1’¢laboration de POM & substitution métallique
fonctionnalisés par des ligands exogénes peut permettre d’ajuster les propriétés de POM. Les
POMs fonctionnalisé avec des ligands Alendronate (Ale = [H,O;PC(CsHsNH,(OH)POsH,)])
ont démontré une bonne stabilité en milieu aqueux en raison de la capacité de chélation des

entités bisphosphonates. '

Dans ce chapitre, on a d’abord étudié trois polyoxométallates (CuPOM) contenant des atomes
de Cu" :

—  Najs[Cu"4y(H,0)5(P,W15056),]- 50H,0 (P,W5Cuy),

~ NaKy[(A-B-SiWo034)Cu'"4(OH)3(H,0)(H3;N(CH,)3:C00),]3- 18H,0 (SiWyCuy),

_ Kpa[(SbW033), {Cu"(H,0)}3]-41H,0 (Sh;W;3Cus).

Les ions cuivriques Cu" sont encapsulés dans différents types d’unités de POM (du type Keggin

ou Dawson). Leurs propriétés électrochimiques et aussi leurs propriétés catalytiques pour la
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réduction NO;3™ et NO,™ ont été étudiées a pH 5 (1 mol-L™" CH;COOLi + CH;COOH) et a pH 1
(0,5 mol-L™! Na,SO4 + H,SOy).

Ensuite, un cluster de cuivre (complexé avec un ligand alendronate, Ale : [Cug(Ale)s(H20)4]"
a été ajouté a chacun des trois complexes de CuPOM préalablement étudiés pour obtenir les

composés CuPOM/CuAle :

~ Nag[ {(P2W15056)2Cu"4(H20)1} {Cu"(0:PC(0)(C3HsNH3)PO3)4(H,0)4} - 50H,0
(P2W;sCuAle),

~ Nap[{SiWe034Cu"3(Ale)(H,0){Cu"¢(O:PC(0)(C3sH¢NH;3)PO;3)4(H,0)4} } - 50H,0
(SiWoCuAle),

~ NagLiz[ {(SbW033),Cu"3(H20)2.5Clo.s} 2 {Cu"6(O3PC(O)(C3H¢NH;3)PO;3)4(H,0)4} 3] 1
63H,0 (SbWoCuAle).

. il . . , . i
Deux types d’ion Cu™ coexistent dans ces trois composés : une partie est encapsulée dans le

POM alors que I’autre partie est complexée par le ligand alendronate (Ale).

Ces composés sont été synthétisés dans le groupe de Prof. Pierre Mialane et le DR. Anne
Dolbecq, Institut Lavoisier, UMR 8180, Université de Versailles Saint-Quentin-en-Yveline.

Les structures de ces composés sont présentées sur le Figure 7.

SiW,Cu,

P,W,;CuAle SiW,CuAle SbW,CuAle

Figure 7 : Représentation des différentes structures de CuPOMs et de CuPOM/CuAle.

Les propriétés électrochimiques ont été étudiées a pH 1 et pH 5. La réduction des ion Cu'" sont
observées pour tous ces composés étudiés. Deux pics de réductions sont observés a pH 1
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correspondant a la réduction des Cu" en Cu', puis des Cu' en Cu’. A pH 1, un seul pic en
réduction est observé indiquant que le Cu' n’est pas assez stable durant la mesure
électrochimique et sa dismutation en Cu" et Cu’. Cette différence peut étre expliquée par une
meilleure stabilité du complexe Cu' en présence d'ions acétate contenu dans le tampon acétate
apH 5, qui est un ligand fort.'” Lors du balayage de potentiel retour, un grand pic de réoxydation
anodique est observé vers 0,00 V vs. ECS. Il correspond a la réoxydation des Cu’ en Cu". Une
réduction réversible de W' en W' du POMs est également observée & un potentiel plus négatif,
bien au-dela de la réduction des atomes de cuivre (Figure 8A). A pH 1 et pH 5, la réduction de
WY n’est pas bien définie ou difficile a détecter, du fait d’un dépot important du Cu’ mais
également d’un grand nombre d’¢électrons transférés pour la réduction des atomes de Cu. Lors
de la réduction de 1’ensemble des atomes de cuivre, les nanoparticules de Cu’ sont formées in
situ. Ces nanoparticules continuent a se déposer a la surface de 1’¢électrode de carbone vitreux
durant le balayage en réduction lorsque I’on atteint la premicre réduction des W. Afin de mieux
étudier le premier pic de réduction Cu"/Cu', le balayage est arrété aprés ce premier pic (Figure
8B). La réduction des atomes Cu" en Cu', est réversible et le courant de pic mesuré est
proportionnelle a la racine carrée de la vitesse de balayage. Ces résultats indiquent que le
courant est limité par la diffusion du POM vers la surface de I’¢lectrode. Les ions Cu dans les
composés CuPOM/Ale devraient se réduire a des potentiels plus positifs que les ions Cu dans
CuPOM, indique les Cu complexé par ligand Ale (plus facile a réduire). Cecin’a pas été observeé
lors de notre étude ou il est difficile de distinguer la réduction des CuAle et CuPOM, qui se
réduisent au méme potentiel. Le seul changement étant les potentiels de réduction (plus facile

a réduire pour CuPOM/CuAle que pour CuPOM).

*
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E/V vs. SCE E/V vs. SCE

Figure 8 : A) CV de P,W;5CuAdle a pH 5 (1 mol-L”" CH;COOLi + CH;COOH), v =2 mV-s"". B) CVs du
processus I (couple Cu"'Cu') en variant de la vitesse de balayage de 10 a 100 mV-s™.

L’étude par coulométrie a potentiel imposé est réalisée pour s’assurer que tous les atomes de
Cu" dans la structure sont bien réduits au second pic de réduction (Cu'/Cu”). L’étude AFM a

montré que le film ou dépdt devient plus dense et rugueux si le temps de dépdt augmente. Un
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changement de couleur est observé sur 1’¢électrode ITO. Ces composés ont ét¢ aussi étudiés par
Microbalance a Cristal de Quartz Electrochimique (EQCM), ou la masse de dépdt est calculée
a partir de 1’équation de Sauerbrey :

f=-2f¢dm/Ju.p
fo: fréquence fondamentale de résonance, p: densité du cristal (2,684 g/cm3 ), A: area (0,2 cmz),

w: module de cisaillement de quartz (2,947x10"" g/cm-s™).

Le dépot de Cu en présence de CuPOM/CuAle démarre plus t6t qu’en présence du CuPOM
seul, ce qui montre que le Cu complexé¢ par ligand Ale sont plus facile a réduire, ce qui semble
cohérent par rapport aux mesures ¢lectrochimiques (Figure 9). La masse déposée augmente
généralement avec le nombre des ions cuivriques Cu' présent dans la structure. Cependant,
puisque les especes de POM adsorbées sur les nanoparticules de Cu, la présence du POM
(surfactant) contribue également au changement de la masse. Des interprétations plus

quantitatives doivent ainsi étre prises avec beaucoup de précaution.
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Figure 9 : Microbalance a Cristal de Quartz Electrochimique (EQCM) de P,W;5Cuy et P, W ;5CuAle a
pH 5(1 mol-L”" CH;COOLi + CH;COOH),
v=2mVs"'

La réduction électrocatalytique de NO,™ a été étudié¢e d’abord avec les trois CuPOMs (sans le
complexe CuAle). Deux vagues de courant catalytique sont observées lors de I’ajout de NaNO; :

/1

la premiére activité est observée au potentiel du couple redox Cu™" (processus 1) et correspond

a la réduction NO, par Cu' complexé. La deuxiéme activité est située au niveau du potentiel de

réduction du W (processus I1I, couple W'V

). Cette seconde activité catalytique correspond a
la réduction de NO,™ par le W" réduit du POM et est beaucoup plus importante que la premiére
activité. Au processus II, réduction des ions cuivreux en cuivre (Cu"®), on observe une absence
d’activité catalytique. Les propriétés catalytiques de ces composés sont comparées en mesurant

le potentiel catalytique du début de la catalyse et la densité de courant catalytique. P;W15Cuy
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est le plus actif pour la réduction de nitrite quelle que soit la concentration initiale en NaNO,
(Figure 10).
10
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Figure 10 : Réduction des ions nitrite par P,W,;sCuy a pH 5 (1 mol-L”! CH;COOLi + CH;COOH),
v=2mVs"'

Apres 1’addition de complexes CuAle, ces composés montrent des propriétés catalytiques
similaires a celles du CuPOM seul. Néanmoins, le courant catalytique est plus important sans
doute di au fait d’un nombre d’ions cuivriques plus élevée dans la structure. Une augmentation
de courant est observée également aprés la réduction de W', indiquant que le Cu électrodéposé
a la surface de 1’¢électrode affecte la réduction de nitrite dans le potentiel de 1’évolution du
dihydrogéne. Parmi les composés CuPOM/CuAle, P,W;5CuAle est le plus actif. Si on compare
P,W;5CuAle et P,W15Cuy, la catalyse démarre plus tot pour P,W;sCuAle avec la densité de

courant cinétique plus importante.

Quant a la réduction de NO3', P;W15Cuy et SiWyoCuy ont montré une activité intéressante au

VIV (Figure 11). Cette activité est due a la fois de la présence

potentiel de réduction du couple W
de nanoparticules de Cu formées in situ en synergie avec celle du POM réduit. Sb,W;sCuj est
inactif pour la réduction de NOj’, ceci a été attribué au blocage de la surface des nanoparticules
de cuivre par les unités POMs libérées (surfactant). De plus, pour Sb,W;gCus, aucun courant
catalytique n’est observé sur ¢lectrode de Cu pour la réduction de NOs", ce qui confirme que
Sb,W;3Cu; est susceptible de « bloquer » la surface de I’¢lectrode inhibant la catalyse de la
réduction des nitrates. Cela montre que la formation de CuNPs et ses propriétés catalytiques

peuvent étre modulées par le type de POMs présents.
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Figure 11 : Réduction de nitrate par P,W;sCuya pH 5 (1 mol-L” CH;COOLi + CH3;COOH),
v=2mVs"'

Les composés P,WisCuAle et SiWygCuAle sont également actifs pour la réduction de NO;3
mais pas SbWyCuAle. Cela montre que 1’unité de POM « SbWy » peut toujours « bloquer » la
surface des nanoparticules de Cu formées in situ et inhiber la catalyse, méme si le nombre d’ions
d’ions cuivriques dans la structure de départ augmente. Dans tous les cas, le courant de
réduction est plus important avec le composé contenant le complexe CuAle additionnel. Ceci
est sans doute dii & I’augmentation du nombre d’atomes de Cu" dans la structure. Comparant le
départ de la catalyse et la densité de courant catalytique, P,W;5CuAle est considéré comme le

catalyseur le plus actif pour la réduction de nitrate a la foisa pH 1 eta pH 5.

L’effet du pH du milieu (pH = 1, 2, 3 ou 5) a été également étudié pour la réduction de NO, /
HNO;, pour P,W;isCuAle, ou le composé¢ a montré les meilleures performances pour la
réduction des nitrites. La meilleure activité est obtenue dans la solution a pH 2 pour les deux

activités (couple Cu'™" et premiére réduction des atomes de W").

Sil’on varie la concentration de nitrate dans la solution, une dépendance linéaire du courant sur
la concentration en nitrate a été obtenue avec P;W;sCuAle dans la gamme de 0 4 20 mmol-L™!
dans une solution a pH 1, tandis qu’une gamme plus étroite de 0 4 10 mmol-L™" a été obtenue
dans un milieu a pH 5. Il est donc possible d’envisager I’¢laboration de capteurs d’ion nitrate

dans ce domaine de concentration.

III.  Electroréduction de NO, par nanoparticules Ag stabilisées par le POM (surfactant)

Selon la littérature, ’argent est aussi un bon catalyseur pour la réduction de NO;".” Dans cette
partie, des nanoparticules d’Ag sont préparées en utilisant les propriétés photoréductrice du

POM* [SiW,040]"" excité sous illumination UV en présence d’un donneur d’électron
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sacrificiel tel que le propan-2-ol. Pour simplifier, sous illumination UV, le POM passe dans un
état excité et réagit avec propan-2-ol pour former le POM réduit et des nanoparticules d’argent
stabilisées par le POM : Ag@SiW2049. Ce mécanisme fonctionne apres une phase d’initiation
qui permet I’augmentation la taille de la nanoparticule. Un mécanisme plus précis a été publié
par le groupe de L. Ruhlmann et est présenté sur la Figure 12."® La formation des nanoparticules
est suivie par spectroscopie UV-visible. Le couleur de la solution change au jaune ce qui
confirme la formation de nanoparticules de I’argent. Aprés 15 min, une solution devient gris-
bleu indiquant la présence de POM réduit (en solution ou en surface des nanoparticules). Les
nanoparticules obtenues ont été caractérisées par microscopie électronique en transmission
(MET). Les nanoparticules Ag@SiW,04 sont de forme ronde avec un diamétre moyen
environ 20 nm. Ces nanoparticules sont stables dans le temps pendant quelques mois d’apres

des mesures en spectroscopie UV-visible.

POM™ Ag.
(CH,),CHOH POM™
(CH,),C'OH POM(r+1)- Ag.*

[Ag(CH;),COH]*  (CH,;),CO

Ag* Ag,*

Figure 12 : Photoréduction des ions Ag™ avec polyoxométallates en présence de (CH;),CHOH.

Les formes et les tailles des nanoparticules d’ Ag@SiW 2,040 formées peuvent étre modulées en
variant la concentration initiale de POM. La concentration de POM plus élevée conduit a la
formation rapide des nanoparticules Ag@SiW 204 qui sont mono-dispersées avec une
distribution de taille uniforme. Dans le cas d’une concentration en POMs trop faible, la quantité
de POMs ne permet pas une adsorption sur toute la surface des nanoparticules d’argent
induisant une tendance a l’agrégation des AgNPs. Les POMs adsorbés a la surface de
nanoparticules ne peuvent pas étre observé directement par MET. Cependant, en utilisant

I’analyse dispersive en énergie (« Energy Dispersive X-ray spectrometry », EDX), la présence
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des ¢éléments Ag, W et Si montre la présence des POMs sur la surface de nanoparticules,

montrant que le POM agit bien comme surfactant.

Pour étudier les propriétés électrocatalytiques des nanoparticules d’Ag@SiW 204, elles
doivent étre déposées sur une surface de carbone vitreux qui servira de collecteur de courant.
Pour préparer 1’électrode modifiée, une quantité fixée de la solution d’Ag@SiW 204 est
déposée a la surface, puis on laisse sécher a 1’air afin d’¢éliminer le solvant (H,O et le donneur
sacrificiel d’électron : le propan-2-ol). La quantité de catalyseur déposé peut étre modulée
suivant le nombre de dépot réalisé. La propriété électrochimique de cette électrode modifiée est
ensuite étudiée, ou la réduction de W' en W" des POMs et I’oxydation de Ag” en Ag' sont
observées (Figure 13), entrainant dans ce cas la libération des ions Ag' qui diffusent dans la
solution et ne peut pas €tre réduits a nouveau sur 1’échelle de temps du balayage. Ainsi, la

mesure doit étre limitée aprés 0,1 V vs. ECS afin d’éviter 1’oxydation de I'Ag”.
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Figure 13 : A) CVs de la solution de nanoparticules Ag@SiW,04. B) CV de [Si 14/13040]4’ en solution
pH 5 (1 mol-L”" CH;COOLi + CH;COOH), v =20 mV-s™.

La masse déposée a la surface de 1’électrode est estimée en utilisant la Microbalance a Cristal
de Quartz (« QCM » en anglais). Le résonateur est un cristal de quartz pris en sandwich entre
deux électrodes de carbone soumises a un champ électrique alternatif a travers le cristal,
générant un mouvement vibratoire du cristal a sa fréquence de résonance. Cette fréquence de
résonance est sensible au changement de masse a la surface de I’électrode. Dans le cas de notre
expérience, un changement de masse entre 58 & 110 pg-em™ est obtenu, indiquant que la
concentration des nanoparticules d’Ag@SiW 204 est de I’ordre de 2,80 a 4,42 g'L"' suivant
I’expérience. On a aussi observé que la fréquence de résonance du quartz atteint presque sa
valeur initiale a chaque fois que 5 pL solution des nanoparticules d’ Ag@SiW 2049 est déposée
(avant évaporation). Cela suggére que la plupart des nanoparticules se retirent de la surface de
I’¢lectrode au contact de 1’eau. Pour améliorer la fixation des nanoparticules a la surface, 2 pL

solution of 5 wt. % Nafion doit étre ajouté en surface a la fin du processus de dépét.
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L’effet du Nafion est vérifi¢ par la voltampérométrie cyclique. Aprés 1’ajout de Nafion, les pics
redox sont mieux définis et plus symétriques. Le courant associé aux processus POM redox
n’augmente pas avec le nombre de cycles de dépot, des maxima pour les courants de pics étant
obtenu avec 15 pL de solution de nanoparticules d’ Ag@SiW 1,049 déposé et I’ajout 2 pL. Nafion.
Cela suggere que seules de petites fractions des particules sont reliées maniere électrique au

collecteur de courant de carbone vitreux.

Pour comparer les propriétés catalytiques, le potentiel de départ est défini ou la différence de
courant AT =1Io- Inox est égal a 1 pA en présence of 5 mmol-L" NaNO, dans la solution. Notez
que la valeur Al choisie est supérieure a celle utilisée avec les catalyseurs CuPOM qui était de
0,5 pA. En effet, les courants de fond des électrodes de GC modifiées par Ag@SiW 2049 sont
significativement augmentés par rapport a I'électrode de GC non modifiée et une valeur Al
plus ¢élevée doit étre choisie pour une détermination fiable du potentiel de déclenchement de la

réduction des NOx.

L’activité catalytique pour la réduction de NO,  ou HNO, suivant le pH est étudiée a partir d’un
dépot de 15 pL solution de Ag@SiW 12040 + 2 uLL Nafion. Le résultat est ensuite comparé avec
[SiW2040]" seul dans les solutions en utilisant une électrode non modifiée de carbone vitreux,
apH 1 eta pH 5 comme dans les parties précédentes. On observe dans ce cas (GC non modifié
+ [SiW1,040]* + NaNO,) que la catalyse de la réduction du nitrite est observée au potentiel de

la premiére réduction du W' du POM a pH 1 et au potentiel de la troisiéme réduction a pH 5.

En présence de nanoparticules d’Ag@SiW 1,04 fixé a la surface de I’¢électrode (GC) la catalyse
débute a un potentiel plus positif avec des intensités de courant plus forte. A pH 1, une
augmentation de courant est observée dans toute la gamme de potentiel mesurée (-0,65 V a 0,00
V vs. ECS) méme avant 0 V. Cela peut étre attribué a 1’activité d’Ag dans milieu acide. Le
courant catalytique est plus important aux potentiels de réduction de W"'. Ce résultat démontre
que Dl’ajout de POM aux nanoparticules d’Ag@SiW,04 conduit a une amélioration
significative du courant catalytique. A pH 5, I’association de POM aux nanoparticules
d’Ag@SiW 1,04 n’a pas influencé le potentiel de départ de la catalyse comparé avec
[SiW12040]" seul en solution. Cependant, le courant catalytique mesuré est 4 fois plus grand ce
qui peut s’expliquer en partie par une surface spécifique plus grande. Ces résultats sont

présentés sur la Figure 14.
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Figure 14 : Réduction de nitrite par Ag@SiW,0.9 déposé a la surface d’électrode ou par [SiW50.40]"
dans la solution a pH 5 ((1 mol-L” CH;COOLi + CH;COOH) et a pH 1 (0,5 mol-L™" Na,SO,+ H>SO,),
v=20mV-s".

Quant a la réduction catalytique de NOs’, ’activité catalytique n’est observée qu’apres la
premiére réduction des W' du POM. La catalyse démarre 4 -0,52 V a pH 1 et 2 -0,91 V a pH
5 (Figure 15). Enfin le courant catalytique augmente avec la quantité de nitrate ajoutée entre 1
- 200 mmol-L™". Une dépendance linéaire est obtenue en général entre 50 mmol-L™ et 200
mmol-L™". Ainsi, un capteur pour le nitrate basé sur le systétme d’Ag@SiW 204 pourrait étre

¢élaboré dans ce domaine de concentrations.
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Figure 15 : Réduction de nitrate par Ag@SiW 1,04 déposé a la surface d’électrode a pH 5 (1 mol-L”

CH;COOLi + CH;COOH) et a pH 1 (0,5 mol-L” Na>SO,+ H>S0,), v =20 mV-s".
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La stabilité de film est vérifiée avec 750 cycles de réaction (balayage itératif) en présence of

200 mmol-L™" de NaNO,, ot plus de 65% de courant catalytique de départ est conservé.

L’¢électroréduction de nitrate sur les trois différents systémes est comparée : sur 1’électrode
d’Ag, sur Iélectrode d’Ag en présence de 0,1 mmol-L" de [SiW1204]" ou sur 1’électrode
modifiée avec Ag@SiW,040/Nafion (Figure 16). La présence de POM sur la surface d’Ag peut
empécher I’évolution de I’hydrogene, d’ou une plus grande plage de potentiel qui peut étre
appliquée pour le systtme GC/Ag@SiW,040/Nafion. Comme on I’avait déja montré dans la
premiére partie, [SiW1,040]" ajouté directement dans la solution peut bloquer accés de nitrate
ions a la surface de I’¢lectrode d’Ag. Ici, on a démontré que le systéme Ag@SiW 2,04/Nafion

est un meilleur catalyseur que 1’¢électrode d’Ag seul avec une amélioration notable du courant

catalytique.
5
0 - f‘g#ﬂ-—
54
< 10
= .15
-20 —— Ag electrode
—— Ag electrode + [SiW,,0,,]*
-25 .
Ag@[SiIW ;0]
-30

12 10 -08 06 -04 02 0.0
E/Vvs. SCE

Figure 16 : Réduction de nitrate pour trois différents systemes (Ag, Ag+[SiW,04]" ou
GC/Ag@SiW 1,0 4/Nafion) a pH 5 (1 mol-L™" CH;COOLi + CH;COOH), v =20 mV-s™.

IV. Immobilisation de polyoxométallates dans les matrices ‘Metal-Organic
Frameworks’ (POM @ MOF)

Les polyoxométallates (POMs) possédent des propriétés catalytiques intéressante pour diverses
applications. Cependant, leurs inconvénients sont de faible surface spécifique, de faible stabilité
dans des conditions catalytiques et une solubilité élevée dans le milieu aqueux. Ainsi, I’insertion
de POMs dans les cavités de « Metal-Organic Frameworks » (MOFs) constitue une stratégie

intéressante d’accés aux catalyseurs hétérogenes a base de POM.

Les «Metal-Organic Frameworks» (MOFs) sont des matériaux cristallins poreux dont la
structure est définie par des ions métalliques ou des clusters métalliques qui sont connecté a des

liants organiques bi- ou multimodaux avec des interactions fortes.” La structure microporeuse

XiX



. . N 2 1 , . . N

des MOFs fournit des surfaces jusqu’a 5900 m™-g™ et les volumes de pores spécifiques jusqu’a
- . . . 19 ;e .

2 em’-g” avec une dimension de pore variable."” La caractéristique de MOFs, telle que ses

dimensions de pores, leurs formes, leurs dimensions et leurs environnements chimiques,

peuvent étre finement contrélées pour des applications spécifiques.

Les composés POMs encapsulés dans le MOFs (POM@MOF) permettent d’augmenter la
stabilit¢ du POM et ses surfaces spécifiques et également de réaliser une catalyse sélective en
fonction de la taille des pores.”’ Les composés POM@MOF sont fixés a la surface de I’électrode
de graphite pyrolytique (PG) ce qui permet une étude de leurs propriétés redox, par exemple

dans une solution a pH 2,5. Deux types d’étude ont été réalisés :

> Trois type de POMs [PW1,040]” (PW12), [PW1,030]” (PWi1y) et [PaW15062]" (P2Wis)
sont insérés dans le MOF [Zr'¢04(OH)4(C14HsO4)s] (UiO-67). Dans la structure
d’Ui0-67, les unités octaédriques inorganiques Zres sont liées a 12 autres sous-unités
inorganiques a travers des ligands de dicarboxylate de biphényle formant une structure
cubique a face centrée (@ = 27,1 A). Ce MOF présente deux types de cages : une super-
tétraédrique (@ ~ 11,5 A) et une super-octaédrique (@ ~ 18A), accessibles par des
fenétres triangulaires microporeuses (@ ~ 8 A). P,W;g et PW, possédent des propriétés
¢lectrocatalytiques identiques en solution ou apres encapsulation dans le MOF (Figure
17). Dans le cas de PWjyy, seulement trois processus de réduction successifs sont
observés au lieu de quatre mesurés en solution (sans le MOF). Cette différence est
attribuée a la complexation de PWy; avec le complexe de Zr'' du MOF UiO-67.
L’intensité de courant est proportionnelle a la vitesse de balayage, indiquant que le POM
est bien immobilisé dans la cage de MOF. 1l a ét¢ démontré que les POMs encapsulés a

. y . cr, , . . 21
I’intérieur des cages du MOF peuvent conserver leurs propriétés électrochimiques.
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Figure 17 : CVs de trois systemes (4) P, W s, (B) P,W,s@UiO-67 and (C) P,W,5+UiO-67 (mélange
mécanique des deux solides) immobilisés sur [’électrode de PG a différent vitesse de balayage de
0,025 a 1,000 V-s™. D) Potentiels de réduction pour chaque systéme sur électrode de PG a pH 2,5 0,5
mol-L” Na>SO, + H>SO,.

> [(FeWs0s34):Fes(H20)2]"" (FesWis) a été stabilisé dans trois types de support : la
gélatine et deux MOFs différents: [Zr' 604(OH)4(C1sHgOs)s] (UiO-67) et
[Cr'™3(H,0):0(CsH404):INO3 (MIL-101{Cr}). Le MOF MIL-101 (Cr) est construit a
partir de triméres d'octaédres Cr'" liées par des anions de téréphtalate, ce qui crée une
structure 3D avec deux types de méso-cages (@ ~ 29 et 34 A) accessibles par des
fenétres microporeuses (@ = 11 et 16 A). FegW;s conservent également ces propriétés
¢lectrochimiques dans les deux MOFs, mais pas dans la gélatine, probablement en
raison du caractére isolant celle-ci.”* Une étude préliminaire sur la réduction catalytique
des nitrites est réalisée pour FesW13@MOF ou une activité intéressante est obtenue a

1

la deuxiéme réduction de Fe . Cette activité catalytique est améliorée apres le troisiéme

pic de réduction de Fe'

. Cependant, la stabilité¢ de ce catalyseur hétérogene sur la
surface de 1'¢lectrode pendant la réduction de la catalyse reste un défi. L'ajout d'une

couche de Nafion a la surface du catalyseur pourrait étre envisagé.
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En conclusion, I’objet de ce travail est de développer des nouveaux catalyseurs pour réduire de
manigere catalytique les ions nitrites (NO2/HNO:) et nitrates (NOs') dans 1’eau, mais également
d’essayer de comprendre des facteurs qui vont influencer ces réductions catalytiques. On a
montré que la présence de polyoxométallates induit un effet positif pour la réduction catalytique

de ions nitrate et nitrite avec 1’électrode de Cu et d’Ag.

Les nanoparticules décorées par des POMs (CuPOM et Ag@POM) sont formées avec deux
méthodes différentes (€lectroréduction in situ ou photoréduction sous illumination UV en
présence d’un donneur sacrificiel d’électron et en présence d’ions POMs). Ces deux types de
nanoparticules sont actives pour la réduction des NOs™ et des NO2/HNO:2a pH 1 et a pH 5. On
a montré également que la formation des nanoparticules et ses propriétés catalytiques peuvent
étre modulées par le type de POMs utilisé. De plus, les nanoparticules du type Ag@POM ont

montré une bonne stabilité vis-a-vis de 1’électroréduction des ions nitrite.

Dans le cas de POMs encapsulés dans des matrices MOF, les unités POM conservent leurs
propriétés électrochimiques, les POM@MOF montrent également de bonnes activités vis-a-vis

de la réduction des nitrites.

La poursuite de ce travail inclut la caractérisation des nanoparticules protégées par des POMs
en utilisant la spectroscopie de photoélectrons induits rayon-X, la microscopie électronique a
transmission in situ (TEM in situ), etc. L'identification des produits et leur quantification doit
étre effectué a I’aide de la spectrométrie de masse électrochimique différentielle (DEMS), de
la chromatographie en phase gazeuse (GC) et de la spectroscopie infrarouge a transformée de

Fourier (FT-IR).

Plus particuliérement, dans le systtme CuPOMs/CuAle, le CuAle complexe devrait étre étudié
indépendamment afin de mieux comprendre l'influence de I'environnement chimique des ions
Cu. Pour les systemes Ag@POM et POM@MOF, le POM pourra étre modulé de maniere a
trouver les candidats les mieux adaptés. En outre, le film de catalyseur doit étre fixé de manicre
optimale a la surface de I'électrode en faisant varier la quantité de Nafion ou en incorporant le

catalyseur dans une matrice polymeére.
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General Introduction

Electrocatalysis of reactions involving small molecules (CO,, H>O, O,, NOs'...) is at the heart
of several crucial energy and environmental issues for the future. However, the design of
selective, efficient but also cheap and environmental friendly electrocatalysts for these reactions
remains a major challenge. The electrochemistry of these molecules involves complex multi-
electron transfer processes with the formation of different intermediate species and products
resulting in a sluggish reaction kinetics. For such reactions, the development of new synergistic
hybrid catalysts, involving various kind of active sites catalyzing the transformation for each
reaction intermediates in order to achieve both efficiency and selectivity is needed. The main
purpose of this thesis is to explore the potential of hybrid catalyst composed polyoxometalates
associated with metal nanoparticles for catalyzing the nitrate reduction. In these catalysts, the
metallic nanoparticles and the POM entities are expected to work in tandem to catalyze the

different steps of the nitrate reduction pathway.

Due to the wide utilization of fertilizers in agriculture, the increase of the concentration of
nitrate ions in groundwater becomes a serious problem.' As groundwater is one of the most
important source of drinking water, nitrate ions in water can directly affect human health. Nitrite
1ons are often discussed at the same time with nitrate ions, because nitrate can be converted to
nitrite in saliva and nitrite is one important intermediate species of nitrate reduction. High
concentration of nitrate and/or nitrite has been demonstrated as a cause of methemoglobinemia,
which is a fatal disease for infants under six months.”> Some studies have shown that an
extremely high dose of nitrates and/or nitrite could cause several types of cancer.” Hence, the
development of efficient and clean technology is needed to eliminate nitrate from waters. While
biological processes and physicochemical processes are the most widely applied methods to
remove nitrate ions from drinking water,” some obvious disadvantages are known. The
biological denitrification system might be contaminated by the dead bacteria, while the
physiochemical processes cannot reduce nitrate to harmless compounds but only concentrate
them from water to brine, thus further treatment is required.**°

Therefore, the development of electrochemical processes which is able to reduce nitrate to
anoxic nitrogenated species is a promising approach. Electrochemical processes present also

others advantages such as low cost and the possibility to combine with diverse treatment

Processces.
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As mentioned above, the main difficulties of the electroreduction of nitrate and/or nitrite ions
are due to: 1) the sluggish reaction kinetics which cause high reaction overpotential and current;
i1) the large number of possible intermediate species and products. Therefore, the achievement
of a selective product formation, for example toward nitrogen for environmental water

depollution without producing other undesired products such as ammonia is a challenge.”*

In the literature, different types of catalyst have been studied for nitrate and nitrite reductions.
In natural enzymes, such as nitrate reductase, which can catalyze nitrate to nitrite, the
molybdopterin (molybdenum-sulfur) complex being the active site.” Other molecular catalysts
have been also investigated such as Mo complex.'® However, most of the studies were carried
out with monometallic and bimetallic catalysts. Based on the published studies, Pt and Pd were
found to be very efficient for nitrite reduction while Pd is selective towards the formation of
No.'M12 In the case of nitrate reduction, Cu and Ag were considered as the most efficient

8,13

monometallic catalyst. Further improvements of the catalytic efficiency requires an

increased level of complexity in the catalyst design.

In this thesis, the work will focus on the development of new catalyst associating
polyoxometalates (POMs) and nanoparticles (NPs). POMs are inorganic anionic clusters
formed by oxo species of transition metals with one or more bridging oxygen atom.'* The
possibility to insert transition-metal cations while keeping the structure intact makes POMs

interesting for many catalytic reactions such as olefins oxidation by [Ru™(H,0)(SiW,,0,0)]°","

DMSO reduction by [Ru"(H,0)(PW1,03)]",'° CO, reduction by (TOA)[a-
(L)COH(SWVl1039)],17 etc.

In particular, the nitrite ions reduction can be catalyzed by various POMs such as [SiW12040]*+
and the catalysis occurring at the POM reduction potentials.'® However, only Cu-, Ni-
substituted POMs and few Fe-substituted POMs have been found to be active towards nitrate
reduction. In 2001, Keita and co-workers have published a Dawson-type POM
[Cu"P,W5Mo,]* which was active for nitrate reduction in pH 3 solution. A comparing work
between [Cu''P,W1sMo,]", [PaW15sM02061]'" and [PaW1sMo0304;]° have been also reported. It
was shown that the presence of Cu ions was indispensable to catalyze nitrate reduction.'” After
that, some studies have been performed to increase the number of Cu ions in the POMs structure
leading to design the POMs such as [Cu"50C1(OH)24(H20)12(PsW4s0184)].2**" They have

shown that the catalytic current intensity increases with the number of Cu atoms in structure.

.
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However, at current stage, nitrate reduction study was used only for testing the properties of
POMs in solution. Due to the high solubility in aqueous solution, POMs are not good candidates

to be used as heterogeneous catalyst.

POMs are also well known to interact with the surface of metals. POMs being able to act as
stabilizer at nanoparticles’ surface and protect them from agglomeration.”* Recently, Iamr and
his co-workers have immobilized Cu-substituted POMs and prepared AgNPs on electrode

surface in the presence of polymers.® The prepared films were active for nitrate reduction.

In the present thesis, we will try to understand the influencing factors on nitrate catalysis by
using different Cu-substituted POMs and compare the activities when POM are associated with
copper alendronate complexes. The photocatalytic reduction of silver ions in the presence of

%23 The size and shape of the silver nanoparticles can

POM was widely studied in our group.
be controlled depending on the operating conditions. Thus, Ag@POM nanoparticles will be
investigated for their ability to form heterogeneous catalyst toward nitrate and/or nitrite
reduction. At the last part, the POMs have been immobilized into metal-organic frameworks
(MOFs) in order to improve the stability during the reduction reaction. We will investigate if
POMs conserve their electrochemical properties and catalytic properties after being inserted

into MOFs.
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Chapter I Introduction and literature review

1 Nitrate and Nitrite: environmental issues and electrocatalytic
reduction

1.1 Environmental issues and general treatments
1.1.1 Environmental issues

Groundwater is the most important source of drinking water, especially in areas lack of surface
water.! As the quality of groundwater directly affects human health, its contaminations are a
serious concern. Nitrate is the most common chemical contaminant in the groundwater, which
may cause public health risk and environmental pollution. The nitrate ion (NOs") is one of the
most stable species in the nitrogen cycle, but it can be reduced in environment to nitrite ion
(NO,") by microbial action.” Nitrite ion is less stable than nitrate and it can be easily reduced to
other compounds or be oxidized to nitrate. In human body, nitrate can be converted to nitrite in

saliva by oral microflora. Hence, these two compounds are often discussed together.

Throughout the world, the expansion and intensification of agriculture have led to increasing
utilizations of fertilizers, which has degraded the water quality. The most common inorganic
nitrogen fertilizers contain nitrate and/or ammonium, which are necessary for plants growth.
When the nitrate supply is higher than the amount needed by the plants, the nitrate excess
accumulates into the soil or moves with the ground water. This results into the eutrophication
of water and may cause harmful algal blooms, water column anoxia and fish mortality.’
Vegetables that contain the highest concentration of nitrate are spinach, salad mix, mustard
greens and cole slaw. Sodium nitrite is also used as a food preservative and antibacterial agent
especially in prepared meats (such as ham and bacon) due to its ability to block the growth of
bacteria (clostridium botulinum and listeria monocytogenes). It also contributes to the
characteristic color and flavor of the cured meat.*

Even though healthy human adults can be exposed to large amounts of nitrate in a short term,
long-term effects are still uncertain. High concentration (>10 mg-L™") of nitrate in water or 3
mg-L™" nitrite in drinking water have been identified as a cause of methemoglobinemia (also
called ‘blue baby syndrome’),” which causes fatal blood disorder in infants under six months

of age. The symptom of nitrate/nitrite poisoning infants is the blue or lavender skin color,
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especially around eyes and mouth. The cause of methemoglobinemia is generally that the red
blood cells are unable to carry oxygen from the lungs to the other part of the body. Some studies
show that consuming nitrate-contaminated drinking water during early pregnancy may increase
the risk of birth defects.® An extremely high dose of nitrate could cause several types of cancer,
for example colorectal, bladder, urothelial, gastric and brain tumor, in laboratory animals.
Consume high dose of nitrite-contaminated water in short-term can cause adrenal hypertrophy
in laboratory animals. Growth inhibition is observed in rats after two years of oral
administration with 5% sodium nitrate. Another long-term effect of nitrite in various animals is
vitamin A deficiency. Nitrite can deplete vitamin A in non-ruminants by destroying it in the gut
lumen under acidic condition.® Nitrite can also form N-nitroso compounds in stomach and these

N-nitroso compounds are carcinogenic in all animal species tested.’

As aresult, legislation generally limits the nitrate level in water and the maximum concentration
in the range of 10 - 40 ppm is set out in most countries based on the World Health Organization
guideline.® Water containing more than 40 ppm nitrate is not considered as drinkable. Nitrite
level in drinking water is usually below 0.1 ppm.° Consequently, the development of efficient

and clean technology to eliminate nitrate from water has attracted considerable attention.

1.1.2 General treatments

Nitrate easily dissolves in water and is very difficult to remove. Simple household treatments
as filtration, disinfection and boiling are not efficient for nitrate removal. Nowadays, biological
processes and/or physicochemical processes are used to remove nitrate ions from drinking water.
Biological denitrification is a type of anaerobic respiration that uses nitrate as an electron
acceptor, by microbiological reduction of nitrate into its elemental state nitrogen.”® This
proceeds through a stepwise reduction of intermediate species, like nitrite, nitric oxide, nitrous
oxide, dinitrogen, etc. In the nature, there are more than twenty species of strictly denitrifying
bacteria, hence the preparation of the biofilm is not obvious. However, there some shortcomings
of this method. First, without the addition of a carbon source, biological denitrification is
difficult. Second, it may lead to contamination by dead bacteria. The absence of contamination
should be checked before utilization in drinking water treatment. The last issue is the presence

of residual organics.
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Reverse osmosis is a filtration method which allows water to pass through microscopic pores
in a filter membrane under high pressure. In such a way, only the pure water is able to get
through.”'® Other contaminants like nitrate and other inorganic chemicals (Ca and Mg) are
physically too large and thus unable to pass through the pores of the systems. This method can
reject about 83 - 92% of the nitrate in drinking water. Problems associated with reverse osmosis
membranes include high cost and the fouling, compaction and deterioration with time. These
problems are caused by deposition of soluble materials, organic matter, suspended and colloidal
particles, pH variations and chlorine exposure, which means that the reverse osmosis process

requires pretreatment.

The ion exchange process involves the passage of nitrate-containing water through a Strong
Base Anion (SBA) exchange resins bed on which nitrate ions are exchanged for chloride or
bicarbonate ions until the resin exhausted.'' The exhausted resin is regenerated by using a
concentrated solution of sodium chloride or sodium bicarbonate. This method is efficient except
for water containing high amount of sulfate ions, due to the competition between sulfate ions

and nitrate ions.

Even though ion exchange process and reverse osmosis processes are identified as the Best
Available Technologies (BAT) by United Stated Environmental Protection Agency (USEPA)
for nitrate removing technique,” these two processes cannot transfer nitrate into harmless
compounds but can only concentrate nitrate from water to brine, which require further treatment.
None of these methods is satisfactory for the durable treatment of groundwater. In this thesis,
reductions of nitrate and nitrite by electrochemical technique are investigated. With this method,
nitrate can be reduced to anoxic nitrogenated species. The others advantages of electrocatalytic
denitrification, such as low cost, no requirement of addition of chemicals and the possibility to
combined with other treatment processes, make electrochemical techniques attached much

attentions. 2

1.2 Electrocatalytic reduction of nitrate and nitrite

Electrochemical process is generally operated in room temperature under atmospheric pressure.
Nitrate and/or nitrite are reduced at the cathode to form other nitrogen-containing compounds
(such as nitrogen, ammonia or nitrous oxide). However, metal ions present in the electrolyte

can also be reduced at the cathode to form solid deposited surface on the cathode as parasite
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reaction.”” At the anode, the main reaction is the oxidation of water to oxygen gas. Only few

technologies can reduce nitrate to N, based on the published reports.

1.2.1 Mechanism of nitrate reduction

Nitrate reduction is a very complex process. The main cathodic products during
electroreduction of nitrate are NO,", NO,, NO, N,O, N», NH,OH, NH,NH; and NH3, as nitrogen
has oxidation states from +5 to -3.'* During electrochemical reduction, a mixture of products is
often observed and it is still not clear if the products are obtained in a sequence of electron
transfer steps or in parallel reduction mechanisms. Because of this, the determination of the
number of transferred electrons in the reduction is not sufficient to identify the products. The
experimental parameters like the pH of solution, the electrode potential and the cathode material
influence the reaction products. The mechanisms for nitrate reduction are still poorly
understood. Based on natural denitrification, formation of N, is performed through a stepwise
reaction:'*

NO3; = NO,” & NO = N,O =& N,

Thermodynamically, several products such as NO (g), N, (g) or ammonium ion (NH;") can be

obtained during the reduction of nitrate ions:

NO3 + 4H;0% + 3e™ = NO(g) + 6H,0 E® = 0.958 V/NHE (1)
2NO3 + 12H;0* + 10e™ = N,(g) + 18H,0  E° = 1.246 V/NHE )
NO3 + 10H;0" + 8e™ = NHJ + 13H,0 E® = 0.875 V/NHE 3)

The desired process is the reduction of NO;3™ to N, (reaction 2) but the reaction rate is slow. In
the literature, it is commonly accepted that the rate-determining step of nitrate reduction is the

formation of nitrite. The redox half-equation of NO3/NO;" is written as:

NO3 + 2H;0* + 2e~ = NO; + 3H,0 E® = 0.835 V/NHE 4)

Once formed, nitrite is one of the most reactive compounds in the nitrogen cycle and nitrite
reduction is considerate as the selectivity-determining step. The list of nitrite reduction products

and the corresponding equilibrium potentials are given below:
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2NO;3; + 8H30" + 6e~ = N,(g) + 12H,0 E® = 1.520 V/NHE (35
NO; + 2H;0* + e~ = NO(g) + 3H,0 E® = 1.202 V/NHE (6)
2NO; + 6H;0* + 4e~ = N,0(g) + 9H,0 E° = 1.396 V/NHE (7)
NO; + 6H;0* + 4e~ = NH;0H* + 7H,0 E® = 0.673 V/NHE (8)
NO; + 8H;0* + 6e” = NHS + 10H,0 E® = 0.897 V/NHE 9)

Both nitrate and nitrite reductions consume proton. Thus, low pH favors the reaction from the
thermodynamics point of view. As mentioned before, the formation of N, is going through N,O

in natural denitrification. The reaction can be written as: "
N,0 + 2H;0* + 2e™ = N,(g) + 3H,0 E® =1.770 V/NHE (10)

This step is difficult to achieved because only few catalysts are able to perform the reduction
of N,O before this intermediate desorbs from the surface and lost to the electrolyte as a

product.'*

The high overpotential, the sluggish reaction kinetics and the side products during multi-
electron transfer reactions are the main problems during nitrate reduction. The catalyst should
be not only efficient but also selective to promote the formation of N, rather than other toxic

products. Hence, the development of efficient catalysts has been widely investigated.

1.2.2 Catalysts for the nitrate and nitrite reduction
1.2.2.1 Monometallic catalysts

Nitrite reduction has been widely studied on different metal surfaces. In solution, the nitrite is
affected by the pH-dependent homogeneous-phase equilibrium, such as the acid-base
equilibrium HNO,/NO, (pK, = 3.39)."® Therefore, NO,  is predominant in neutral/alkaline pH
media, while HNO; is dominant at pH < 2. The electrocatalytic responses might then also be
expected with the pH. Besides, HNO, decomposes slowly into NO and NO, in acidic media,

which is also a reactive substance on most metal and non-metal electrodes:

2HNO,(aq) 2 NO(aq) + NO,(aq) + H,0 (11)
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It was also found that nitrite reduction in acidic media is not sensitive to the nature of the anion
of the supporting electrolyte.'’

A comparing work of nitrite reduction on transition metals (Ru, Rh, Ir, Pd and Pt) and coinage
metals (Cu, Ag and Au) was published by Duca and his co-workers'® in both acidic media and
alkaline media. In acidic media, a direct HNO, reduction is observed for all of these electrodes
except Ir. The formation of NO obtained from HNO, disproportionation in solution and

followed by an overall reaction to form N,O is observed on all of the active metals:

NOgqs + NOgq + 2H;0* + 2e™ 2 N,0 + 3H,0 (12)

In alkaline media, the activity of transition metals is ranked as Rh ~ Ru > Pt > Ir. Based on
Tafel slope analysis, the rate-determining step is assumed to be the conversion of NO, to NO
species. No N»O is detected in solution, which indicates that NO is strongly adsorbed on metal
surface.'® Duca and his co-workers'® have proposed a model for the electrocatalytic NO
reduction where the presence of NO in solution is necessary for the formation of N,O and N,,
which occurs through a weakly adsorbed NO dimer that can only form when NO is in solution.
This dimer is a necessary precursor for N,O formation, while N; is formed directly by N,O
reduction. Among coinage metals, only Cu is active for nitrite reduction in alkaline media and
the final product is NHs. A high overpotential for nitrite reduction on Ag or Au surface is

obtained which occurs simultaneously with hydrogen evolution."’

Nitrate reduction on Pt surface has already been investigated at the beginning of last century.
In acidic media, the activity of Pt surface is very low toward nitrate reduction.*’ Since the nitrate
is reduced at potential close to the hydrogen evolution onset, high coverage of hydrogen inhibits
the adsorption of nitrate, which leads to a decrease of catalytic activity. The main product from
the nitrate reduction on Pt surface is characterized by Infrared Reflection (IR) measurements.
The presence of adsorbed NO is observed at a fixed potential in nitrate reduction (0.122 V vs.
RHE in 0.5 molL" H,SO4). Based on Differential Electrochemical Mass Specstroscopy
(DEMS) measurement, neither N,O nor N is formed during the nitrate reduction and the final

products are NH,OH and NH.

Koper and his co-workers®' have reported a comparison works toward nitrate reduction on
various metal electrodes in acid solution. Among the transition metals, the catalytic activity is

ranked as: Rh > Ru > Ir > Pd = Pt. The reaction order on noble metal in acidic media is usually
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lower than one, which suggests that adsorption step proceeds the rate-determining step. On the
coinage metal, Cu is the most active surface for nitrate reduction followed by Ag and Au (Cu >
Ag > Au).*' The DEMS measurement in 0.5 mol-L" H,SO, shows that the product on Cu
surface is NO, whereas no N,O is produced.'® On Cu surface, the chemisorption energy (ca.
100 kJ-mol™")** is much lower than the one on Pt surface, thus NO, is able to desorb from Cu
electrode to form NOs,. Thus, the formation of N,O is expected because the reaction from NO
to N,O is a non-catalytic reaction on Cu surface.” However, N,O and N, are not observed on
bulk Cu, due to the oxidation of Cu by the nitrate and NO solution. In contrast, the gaseous
products (N,O and N») are observed with a Pd electrode covered by a full monolayer of under-
potential deposition (upd) Cu, which is attributed to the higher stability toward oxidation of the
upd Cu layer compared to bulk Cu electrode.”* The details will be presented in the following
part devoted to bimetallic catalysis. The above mechanism makes Cu a better choice for nitrate
reduction even though its activity can be influenced by Hags and anions present in solution like
with Pt electrode. Tafel slopes for nitrate reduction on different transition metals and coinage
metals are found close to 120 mV/decade, suggesting that the first electron transfer step is the

rate-determining step. Thus, the rate-determining step is:

NO; + 2H;0* + 2e~ = NOj + 3H,0 E® = 0.835 V/NHE (4)

Other metals such as mercury, indium, cadmium and tin have also been studied toward nitrate
reduction in acidic media."> A high overpotential is found with these metals. Kyriacou and his
co-workers” have observed a significant negative potential -2.8 V vs. Ag/AgCl with tin which

is able to reduce nitrate to dinitrogen in 0.1 mol-L" K>SO, with a high selectivity (92%).

1.2.2.2 Bimetallic catalysts for nitrate and nitrite reduction

While copper electrode is shown to be able to catalyze nitrate reduction, a high selectivity

toward the formation of dinitrogen is still difficult to achieve.

More recently, bimetallic and trimetallic catalysts have attracted more attention for their high
activity and selectivity. Vorlop and Tacke have firstly demonstrated the effectiveness of
bimetallic catalysts in 1989.%° They studied bimetallic system composed of a precious metal (Pt
or Pd) and a promoter (Cu, Ni, Fe, Sn, In or Ag). In this bimetallic system, the promoter

catalyzes nitrate to nitrite reduction and the precious metal is involved in the reduction of nitrite

-11 -



Chapter I Introduction and literature review

into further products. Pd has better conversion efficiency and selectivity than Pt. As Cu is an
active catalyst, despite its instability at potential in alkaline solution (0.1 mol-L™' KOH),”’

28,24

bimetallic catalysts composed of Pd and Cu have been widely studied in acidic and

alkaline®>**

media. As mentioned before, Pd-Cu bimetallic electrode is a good catalyst for the
selective reduction of nitrate to N». The Cu sites take care of the fast reduction of nitrate to NO
and N,0O, whereas Pd is the most selective and best catalyst for the reduction of NO and N,O
to N,. The metal ratio is a key role in the catalytic performance. Okuhara and his co-workers™’
have investigated the influence of the Pd/Cu radio. As presented in Fig. I.1, the hydrogenation
step occurs during the NO; reduction. Pd sites with different coordinative unsaturation at the
Pd particles surfaces show different selectivities for hydrogenation. The edge and corner sites

of Pd possess high abilities for hydrogenation and consequently increase the formation of NHs.

The terrace sites of the Pd have mild hydrogenationability and N, would be favorably formed.

© Pd

Cu . Pd-Cu site
dge or corner NO,” NO,”

NOZ-

NO,~
isolated Pd
NH;

Terrace

Y,
____
>
N

o

N

> &
2 H 2 LY

Figure I.1: Model elaborated from XRD patterns of Pd and Pd-Cu particles a) 5 wt% Pd, b) 5 wt% Pd - 0.6 wt%
Cu, c) 5 wt% Pd - 3 wt%. (Reprinted from the reference 30 with the permission from Elsevier).

Other metal, like tin, can also enhance the selectivity to N, formation on Pd surface. Generally,
mechanism for NOy reduction with bimetallic catalysts is assumed to be the same than with
monometallic catalyst. The rate-determining step is still the first electron transfer and the

reaction order is lower than one.
Pt have also been studied even though it is not the best catalyst. The most promising

combination with Pt is Pt/Sn.*'*? Other combinations such as Cu—Ni*>, Pt-Ge** and Pt-Bi™ also

exhibit a catalytic effect but the selectivity towards N, remains a challenge.
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1.2.2.3 Enzymatic and molecular catalyst

The clearest indication for the mechanism towards nitrate reduction reaction comes from the
investigation of natural enzymes. Nitrate reductase catalyzes the reduction of nitrate to nitrite
in the nitrogen cycle. Most of them have a molybdopterin (molybdenum-sulfur) complex as
active site. With the addition of other co-factors such as iron-sulfurs and hemes, the electron
transfers can be mediated within the enzyme. An example of nitrate reductase is shown in Fig.
1.2.%° Other electrochemical studies have modified nitrate reductase on graphite or gold
electrodes. An overview of the catalytic mechanism of selected nitrate reductase is described in
references 37 and 38.

(A) /g ®)

NO, +2H* NO, +H,0

Periplasm

Nar H

Figure 1.2: Nitrate reductase NarGHI as an archetypal complex iron-sulfur molybdoenzyme (CISM). A) The
three subunits of NarGHI are embedded in the cytoplasmic membrane with the NarGHI subunits oriented
towards the cytoplasmic compartment. B) The NarGHI electron transport for nitrate reduction. (Reprinted from
reference 36 with the permission from Elsevier).

As the metal centre Mo is considered as the active site for catalysis, other Mo complexes were
tested for their ability to reduce nitrate.”® Mo center is capable of forming a bond to an oxygen

atom of a nitrate ion and produce nitrite.*’

\ IV//O \ I\V/O 0

— Mo + NO; 8§ — Mo N

% S - +L
E / o/\‘o
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\1\///O 0 \v;//O
—Mo\ /’N:\— > ——Mo\ + NO;
/\’ o o / 0

Figure 1.3: Mechanism of nitrate reduction by Mo complex (Reprinted from reference 40 with the permission
from Springer).

Metal cyclams (cyclam = 1,4,8,11-tetra-azacyclotetradecane) catalyze

. . . . . +
also nitrate reduction and have been reported by Taniguchi and his 2

B

coworkers for the first time.*' The Co- and Ni-cyclams have been studied

Z
e
T
Z

on a mercury electrode and the main product is hydroxylamine. Metal [ Ni ]

pd
I\
I
pd

phthalocyanine-modified electrode have been studied in alkaline media

C

where the main product is ammonia.*

More recently, polyoxometalates (POMs) have been considered for their catalytic properties
towards nitrite and nitrate reduction, due to the possibility to insert transition metals into
structure as well as their ability to form nanoparticles. The details will be presented in the next

part.

2 Polyoxometalates

Polyoxometalates (POMs) are inorganic anionic clusters formed by oxo species of transition
metals with one or more bridging oxygen atom. POMs normally contain at least three metal
atoms, mainly from group V or VI (vanadium, niobium, tantalum, molybdenum and tungsten)
in their highest oxidation state with (heteropolyoxometalates) or without (isopolyoxometalates)
heteroatoms.”® They have been known since the XIX century and the ammonium salt of
[PMo01204]° is the first compound discovered by Berzelius.** Keggin is the first
phosphotungstic anion and its structure was elucidated in 1934.* Only after the discovery of
their applications in various domain such as catalysis and non-linear optics, these compounds

have been widely studied.
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2.1 Structure of polyoxometalates

Various structures of POMs have been studied, among which the Lindqvist, Anderson, Keggin

and Dawson types (Fig. 1.4, left) are the most well known.

Lindqvist Anderson
MgO1ql™ [XMgO241™

Keggin Dawson
n- n-
[XM12040] [X2M150s]

Figure 1.4: Representation of different structures of polyoxometalates (POMs).

Most POMs are based on molybdenum or tungsten and POMs containing vanadium, niobium
or tantalum also exist. Modification of these compounds can be made by removing M = O
(mainly M = Mo or W) entities and replacing them by other transition metals or groups. New
structures were also obtained by joining two or more known structures via transition metal ions.
For example, the synthesis of nano-wheel {Mos4}*’, nano-sphere {Mo13,}*’ and a giant cluster
{Moses} *® have been published (Fig. 1.4, right). As a consequence, the number of compounds,

which can be prepared, is very large and can be designed according to the requirements.

Lacunary POMs are derived from plenary parent structures by loss of one or more addenda
atoms. For example, the corresponding lacunary POMs for Keggin type [XM;,049]" or Dawson
type [XaM5062]" are [XM;,030]™ and [XoM;7061]" respectively.* Incorporation of metal ions
in these vacant sites usually preserves the POMs structure but sometime can also lead to
isomerization or even loss or gain of tungsten. In any case, the resulting products are usually

good candidates for magnetic, electrochemical and catalytic studies.
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The functionalized polyoxometates are allowed to tune the redox and acid-base properties and
solubility of POMs, in order to enhance their stability and catalysis activities.”® For example,
Proust and her co-workers® have reported the first carbene derivative polyoxometalate [(cis-
RuLM%)(PWoO34)a(cis-WO,)]"> (LM® = 1,3-dimethyllimidazoli-dine-2-ylidene) represented in
Fig. 1.5A. Mialane and his co-workers™> have reported a spherical Keggin-type structure
[((Ni"(H,0))2(p1.1-N3)(A- a -PW0037))®, which is the first structurally characterized azido
POM (Fig. 1.5B). The magnetic studies reveal that the Ni" centers are ferromagnetic coupling
in a Ni"" pu-1,1-azido complex. Photochromic POM compounds can be obtained by covalently
grafting a  photochromic group such as amino group. The complexes
Nag(N(C2Hs)2H2)2[(M0303)4(OsPC(C3HeNH3)(O)PO3)4] 25H,0 and Naz(N(C4Hog)4)[(M030s)4-
(OsPC(C3HgNH3)(O)PO3)4]43H,0 as well as their association with spiropyran have been
investigated (Fig 1.5C).” More details in functionalization of POMs were presented in

references 54-56.

B)

Figure 1.5: Structures of A) Na,Kof (PWoO34),(cis- WOQ)(ciS—RuLMeg) )]-23H,0 reprinted from reference 51,
Copyright (2017) American Chemical Society. B) [(NiH(HZO))g(,u1_1—N3)(A—(x—PWmO37)]6' reprinted from
reference 52 with the permission from John Wiley and Sons. C) Structure of
[(M0305) (OsPC(CsH;NH3)(0)PO3) ]* unit and the representation of the closed and open forms of the
spiropyran countercation SP". These representations are reprinted from reference 53 with the permission from
Royal Society of Chemistry.
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2.2 Properties of polyoxometalates
2.2.1 Stability

The stability is a major concern in catalytic reaction. Generally, POMs possess good thermal
stabilities. The stability of some Keggin-type POMs decreases in the order: H3[PW,040]
(465°C) > Hy[SiW,040] (445°C) > H3[PMo1,040] (375°C) > Hy[SiMo1,04] (350°C).”
Substituting metals and counter cations often affect the stabilities of POMs, the substituted

POMs are usually unstable than their unsubstituted parents.

POMSs usually have remarkable stability in acidic and neutral aqueous solution, as well as
oxidative stabilities. Indeed, POMs are only stable in certain pH range because at high pH, the

polyhedral subunits leave the skeletons in the presence of water and the structure decomposes.

2.2.2 Molecular magnetism

Polyoxometalates (POMs) are used as an example in molecular magnetism for studying the
magnetic exchange and the electron delocalization.’® Magnetic POMs have been classified into
two groups namely the spin-localized POMs and the spin-delocalized mixed-valence (MV)

POMs.

In spin-localized POMs, the magnetic moments remain localize on the 3d or 4f magnetic metal
ions. Various paramagnetic cations can be encapsulated by lacunary POMs at specific sites,
creating well-defined magnetic molecular with controlling of the nuclearity and the type of
magnetic interactions. Co"-substituted POM has been widely studied on magnetic exchange
ion. A high-spin S = 3/2 with an unquenched orbital momentum, hence exhibiting a large spin

anisotropy.”’

The electron acceptor ability of POMs allows to prepare the mixed-valent (MV) POMs. POMs
are the only example in coordination chemistry of high-nuclearity MV clusters. The electronic
complexity of MV POMs is much higher than that of the spin-localized magnetic clusters. Bi-
reduced [PW204]” is considered as a typical example of diamagnetic MV POM. The
diamagnetism of this Keggin-type POMs is due to a multi-route super-exchange mechanism.”®

A strong stabilization of the singlet is observed with this POM. The study have also been
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performed on Wells-Dawson type POMs in which electrons move in two central 6-membered

rings.”’ The single ground state stabilization is obtained as in the case of Keggin-type POM.

Recently, POMs are used as model systems in molecular magnetism towards the design of
single-molecule magnets (SMMs) and as molecular spin-qubits in nanospintronic devices. A

detail description is summarized by Clemente-Juan, Coronado and their co-workers.>®

2.2.3 Photochemical behaviors of POMs

In spectroscopy, POMs are characterized by O-M charge transfer bands in the UV-near visible
area. The photoexcitation of POMs in this wavelength range induces the electron transfer from
their highest occupied molecular orbital (HOMO) to their lowest unoccupied molecular orbital

(LUMO).*° The absorption spectra of several different types of POMs are shown in Fig. L6.

12 12
16
10 10
PW,:04"
12 08 08
08 06 Rilboe 06 |
. >
LA™ 04 PMouOuw 04 |
04 Wie0n*
s 02 02 )
o'o - e 00 T T T T T 00 T T T T
200 240 280 320 360 400 200 250 300 50 400 450 200 250 300 350 400
Wavelength/nm Wavelength/nm Wavelength/nm

Figure 1.6: Examples of UV-visible spectra of certain POMSs. (Reprinted from reference 61 with permission from
Royal Society of Chemistry).

In the presence of electron donors such as alcohol, the excited POM (POM*™) is easily
converted to the reduced POM (POM* ™) which subsequently reacts with electron acceptors
and return to the original POM. The reduced POM becomes blue due to the intra electron
transfer between adjacent metal ions, M-M charge transfer (CT) bands (also called intervalence
band, M""-O-M" -M"-0-M", if M = Mo or W) and an absorption can be observed around 500
- 700 nm. The absorbance of reduced POM increases with the number of the exchanged
electrons as shown in Fig. I.7A’. The color of POM-containing solution becomes intense blue

after exchanging five or six electrons (red line and blue line in Fig I.7A”).
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Figure 1.7: A) Cyclic voltammogram 0f2.5X]0'5 mol-L™! 0-Ks[P,W 506,/ in the solution of 0.5 mol-L’! Na,SOy, at
pH 5.5, present six reversible monoelectronics reductions waves. A’) UV-visible spectra of 2.5x107 mol-L” o-
Ks[P>W,50¢,] in the solution of 0.5 mol-L™’ Na,SO, at pH 5.5 (=) without electrolysis; (—) electrolysis at -0.40 V
vs. SCE; (—) electrolysis at -0.90 V' vs. SCE; (=) electrolysis at -1.12 V vs. SCE; (=) electrolysis at -1.30 V vs.
SCE. B) UV-visible spectra during the photocatalysis of a solution contains 2.5 X107 mol-L™ 0-Ks[P,W15045]
and 0.13 mol-L™" propan-2-ol. B’) illustration of photocatalysis of POM under UV illumination in the presence of
propan-2-ol.

Similar UV-visible spectra can be obtained by using photocatalysis with the same concentration
of POM under illumination of UV light, in the presence of 0.13 mol-L" propan-2-ol as shown
in Fig.1.7B. With a long enough illumination time, the intensity of the absorbance of the
intervalence band is stabilized around 0.85. The absorbance value is in fact between 0.65 (red
line in Fig. I.7A’, 5 electrons exchanged) and 1.30 (blue line in Fig. I.7A’, 6 electrons
exchanged) which corresponds to the maximum intensity obtained after complete electrolysis
after the fifth and the sixth reduction wave. This observation indicates that the solution obtained
in photocatalysis is a mixture of 5-times reduced POM™" and 6-times reduced POM™"®",
Hence, the maximum of exchanged electrons in solution with 0.13 mol-L" propan-2-ol seems
to be six electrons in the case of the Dawson-type polyoxometalate (Unpublished work from

prof. Laurent Rulmann).
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2.2.4 Electrochemical behaviors of POMs

The redox properties of polyoxometalates are characterized by their ability to accept as well as
to release several electrons in distinct redox steps, while keeping their structure intact. The
reduction is often accompanied by protonation in acidic media depending on the pK, of the
produced polyoxometalates. A pH increase shifts the redox potentials to more negative values

and often splits the two-electron waves to two one—electron pH-independent waves.

Positive

HPA(O)™

\\
H,HPA(II)™ |
2 { \ HPA(™™

H HPA(IV)™ HPA(11)(m+2)*
Potential
I‘ \ HPA(IT)n+3)*
HeHPA(VI)™

| HPA(IV)(n+4®

\ HPA(V)(ms)*
Negative i HPA(VI)eer

low pH High

Figure 1.8: Schematic representation of electrochemical behavior of heteropolyanions (HPA), the roman
numerals show the number of electrons added to the oxidized anion 0: (HPA)" (Reproduced from reference 49.
Copyright (2017) American chemical society).

The relationship between the potentials of the reversible redox pairs of heteropolyanions (HPAs)
and pH is represented in Fig. 1.8.*° It represents well the redox behaviors of the Dawson-type
POM. By decreasing pH, the two one-electron waves convert to one two-electron wave, which
is generally accompanied by the addition of two protons. A change of redox potentials about
50 mV/pH is observed when decreasing pH, thus the potentials measured in the line b and the
line ¢ can be obtained with certain POMs. However, all the case represented in Fig. 1.8 can be

observed just depending of the pH of the solution.

The electrochemical behavior of each POM exhibits a different feature due to their different

redox potentials, pK, and stabilities.
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2.3 Photocatalytic properties of POMs
2.3.1 Photocatalytic oxidation of organic pollutant
The irradiation with UV-near visible light makes POMs powerful oxidizing agents, which are

capable to ‘destroy’ a great variety of organic compounds.
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Figure 1.9: Photocatalytic circle of degradation of organic pollutants.

Under UV illumination, POMs pass into its excited state, POM". The excited POM anions often
possess better performance than their ground states and they are able to oxidize the organic
substrates (organic pollutants). After oxidation to intermediate products, organic pollutants can
be fully mineralized to CO,, H>O and inorganic anions in aerated media. At the same time,
reduced POMs are formed and further they can be re-oxidized by dioxygen (aerated solution).

The reactions are given below:

POM }3 POM*
POM* + organic pollutants - POM™ + oxidation products
‘OH + organic pollutants — oxidation products - — — CO, + H,0 + inorganic anions
POM™ + 0, —» POM + 03"
O3 + organic pollutants — — — oxidation products - —

— CO, + H,0 + inorganic anions

POMs can only be active in UV range. Some photosensitizers, such as fullerene, complexes of

ruthenium and porphyrin, can be added to POMs in order to absorb the visible light. For instance,
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our group has published the method electro-copolymerization of different organo-POMs with
zinc f-octaethylporphyrin (ZnOEP) on ITO electrode to build original photovoltaic electrode.

The photocurrent response is used to examine the photovoltaic performance.®

Heterogeneous POMs photocatalysts can be also modified on other support materials such as

TiO,, ZrO,, etc. Moreover, [Ru(H,0)SiW,,0;,]°" have been shown to -catalyze

photoreduction of CO, to CO in the presence of amines as reducing agents.*

2.3.2 Photocatalytic reduction-precipitation of metal ions

Recovery of metal in environment is also an attractive topic because many metals are toxic
(such as chromium and mercury) or valuable (such as copper, silver, gold, palladium and

platinum).

Papaconstantinou and his co-workers® have firstly reported [PW,040]" stabilized Ag, Au, Pt
and Pd metal nanoparticles by reacting the corresponding metal-salt (Ag'NOs, HAu'"'Cly,
K>Pt"Cls and Pd"Cl,) with H3[PW1,040] in the presence of propan-2-ol or 2,4-dichlorophenol.
The formation of metal nanoparticles can be followed by UV-visible spectroscopy. Color
change of the solution is generally observed during the reduction. Fig. 1.10 shows an example

of NP@POM formation in solution.

! T .

“BAR

A

Ag 153nm(=22%) Au 13.1nm(=30%) Pd 5.0 nm(=22%) Pt 2.7nm(=24%)

Figure 1.10: (Sfpper) ehotos of different nanoparticles solutions obtaii}ed upon m[i[)/cing ofclzl reduced [S§W1204(){5'
(c =3.5X107 mol-L”) with the corresponding metal ions solution Ag NO;, H,Pt" Clg, Pd"Cl,(c = 107 mol-L™)
and HAu"'Cl, (final concentration 107 mol-L™'), pH 5, 0 = 20°C (Reprinted from reference 64 with the

permission from John Wiley and Sons).

-2



Chapter I Introduction and literature review

A more detail mechanism of reduction of Ag" by the Dawson-type POM a-[P,W306,]% was
reported by Ruhlmann and his co-workers.”” Under illumination of UV light, a direct
photochemical excitation of POM is observed in the presence of propan-2-ol, which may be

written as:

h
o — [P2W18062]n_ + (CH3)26HOH _l; oa— [P2W18062](n+1)_ + (CH3)2COH +H+

In fact, Ag' reduction occurs immediately at the onset of the irradiation without introduction
time, which suggests that the Ag’ reduction begins from the first reduced forms of POM.
However, the reduction of Ag" by reduced POM is not thermodynamically favored, considering
that the potential of the (Ag/Ag") is -1.75 V vs. NHE (with only one Ag(0)). This potential has

been deduced from radiolysis experiments.®® Two explanations were suggested:

> The complexation between Ag" and POM may lead to a change in the redox potentials.
In fact, the electric field created by the charges is in favor of the electron transfer from
the reduced POM to Ag'. Moreover, the possibility of the reduction of Ag’ in the
complex by an excited reduced POM cannot be excluded, all the more, a compound in

the excited state is always better reductant than when it is in the ground state.

> An initiation step is possible with a complexation of Ag" and alcohol radicals produced
upon the photoreduction of the POM. The mechanism can be written as:
(CH3),C'OH + Ag* - [Ag(CH5),C-OH]*
[Ag(CH3),C-OH]* + Ag* - Ags + (CH3),CO + H*
The association and coalescence reactions of Ag' ions and silver clusters lead to the
formation of silver nanoparticles with the increase of the nuclearity.
Ag®+Ag* - Ags
2497 - Agit

(x+y)+
(m+p)

Agrt + Ag?,’+ - Ag
Besides, the redox potential of silver clusters increases with their nuclearity (n). Hence,
the direct reduction of the Ag," clusters by the reduced POMs become
thermodynamically favorable when the redox potential of the AgNPs becomes higher
than the potential of the couple E° (POM"/POM™'"). The illustration of this

mechanism is shown in Fig. I.11.
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POM™ Ag,
(CHs),CHOH POM™
(CH5),COH POM(r+1)- Ag,*

Agt l
1

[Ag(CH3),COH]*  (CH;),CO /)

Figure I.11: Mechanism of the photoreduction of silver ions in the presence of POM.

The nanoparticles formed during this process can be imaged by using cryogenic Transmission
Electron Microscopy (cryo-TEM) as published by Weinstock and his co-workers.®” The picture
shows clearly a monolayer of POMs at surface of Au nanoparticles, which can protect

nanoparticles from agglomeration.

ion diameter
Q 27A

Figure I.12: Scale model of [AIW;,055]" and K counter cations on the surface of a 14-nm Au nanoparticle. The
left diagram illustrates the crystallographic and hydrated sizes of K" relative to a scale model of [AIW ;03]
(Reprinted from reference 67. Copyright (2017) American Chemical Society).

A selective reduction of certain metal ions from a mixture can be achieved by using POMs with
suitable redox potentials. Reduced POMs are able to reduce metal ions efficiently with more
positive redox potentials, while leave intact metal ions with more negative redox potential.
Illumination of [SiW12O4o]4' (1 mmol'L")ina pH 3 solution (0.1 mol-L™ NaCIO,) containing
Pd" (0.1 mmol-L™"), Cu" (1 mmol'L™") and Ni" (0.7 mmol-L™) leads to complete formation of

the corresponding NPs. For instance, the reduction of the Pd" to Pd’ is completed in 1 hour
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under UV illumination while leaving Cu" and Ni" ions intact. Ni" ions cannot attract electrons
from the reduced POMs due to its more negative reduction potential. In the case of Cu" ions,
photoreduction of Cu" by [SiW1,040]" have been reported, but note that copper do not
precipitate immediately upon irradiation with UV-near Vis light. An induction period is
observed at the start of metal deposition, attributed to the formation of the “stable” Cu'
intermediates.®® It needs to mention that no characterization of formed copper nanoparticles is
presented in their work. However, in the presence of Pd", the nanoparticles of palladium is
easier to be obtained due to the greater redox potential compare to Cu"/Cu' reduction (E’

(Pd"/Pd’) = +0.987 V and E° (Cu"/Cu') = +0.153 V vs. NHE).”

2.4 Electrocatalysis by POM

Polyoxometalates (POMs) have also been studied for their ability as donors or acceptors of
several electrons without structural change. The possibility to insert different transition-metal
cations into structure makes POMs interesting for various catalytic reactions. Several examples

of electrocatalytic reactions are given below.

2.4.1 Electrocatalytic oxidation by POMs

The oxidation catalytic reactions in the presence of POMs are often observed with transition
metal-substituted heteropolyanions. The transition metals accept oxygen from oxygen donors

and formed oxometal species M=O which are able to oxidize various compounds.

> ¥ NAD(P)H/NAD(P)" is an important redox couple in biological
system. Nadjo and his co-workers have demonstrated several vanado-tungsto
phosphoric POMs such as a,-[P,VYW1,0,]”, which satisfies all the necessary criteria
for the oxidation of NADH. The overall reduction reaction is presented as:
2a, — [P,VYW,,04,]7~ + NADH = 2a, — [P,VIVW,,0.,1® + NAD* + H*
The stoichiometry of NADH to POM was found to be 1:2 by spectrophotometry and
coulometry. This indicates that POM acts as a one-electron oxidant. Others POMs such

as a-[PaW170611% and a,-[P,W17M00s,]" are also active in pH 7 solution (phosphate
buffer).
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:" Me,SO can be oxidized to Me,SO, by [Ru(H,0)PW,039]" in 1
mol-L" Na,SO, + H,SO4 (pH 0) at 1.1 V vs. SCE in room temperature. The current

efficiency can reach up to 92%.

717273 alcohols (such as 1-phenyl-ethanol, benzylalcohol, propan-2-

ol, ethanol, etc) can be oxidized in pH range from 1 to 6 with different transition-metal

substituted POMs to form cyclohexanone, benzoic acid and other compounds.

74 [RuM(H,0)SiW,,0,,]° catalyzes olefins oxidation at Pt

electrode in 34% H,0, (20 mmol-L™") + CH,Cl, (20 mL) electrolysis to form aldehyde.
Another example is to modify a POM with prepared Au nanoparticles over y-Al,O3 by
wet impregnation method. These catalysts are active for epoxidation of olefins under

mild conditions.

2.4.2 Electrocataytic reduction by POMs

Electrocatalytic reduction by POMs is largely studied either in solution or after modified on

electrode surface.

+ Homogeneous catalysis

>

9 [SiMo012040]" and [PMo,,040]> have been demonstrated to
be active for chlorate ion reduction in acidic media (0.5 mol'L™" H,SO4). The chlorate
ion is reduced by the six electron reduced species in the presence of hydrogen to form

chloride and water.

7% the reduction of bromate to bromide is catalyzed by reduced POM
such as [Nd"(SiMo,W4030)2]"" in acidic solutions (pH = 2.3 and pH = 3.8). The

overpotential of bromate reduction is dependent on pH.
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> 7778 a series of Fe-substituted POMs is active for H,O, reduction such

as [Fe™ (H,0)(SiW,,030)]” and ax-[Fe" (H,0)(P,W17041)]"". The Fe'"' is the active site

during the reduction reaction in aqueous system.

> " DMSO is reduced to dimethyl sulfide by [Ru"(H,0) (PW,030)]*
in sulfate solution (pH 2) with a turnover number of 30 and with ca. ~50% current
efficiency.

> :"” CO, can be reduced to CO and HCHO by (TOA)[a-(_)Co"'SiW11030]

(TOA = tetraoctyl ammonium; = vacant position of the coordination sphere of Co) at
-1.5 V vs. Hg/ Hg,Cl, in CH,Cl, + 0.1 mol'L" TBAPF,. The catalyst is selective

towards CO; reduction, because no H; produced during electrolysis.

+ Heterogeneous catalysis

For heterogeneous catalysis with POMs, emphasis is given to the fixation of the POM catalysts
on solid surface, to achieve good recovery and recyclability besides high activity. Several

methods have been used to fix active soluble POMs:

> : this is the easiest way to fix POMs on electrode
by soaking electrode in an acidic aqueous POMs solution. Rong and Anson™ reported
a series of both Keggin-type, Dawson-type and transition-metal substituted POMs can
adsorb spontaneously on glassy carbon and edge pyrolytic graphite (PG) electrode.
Other supports such as gold and mercury electrode were also studied.* The adsorbed
POMs increase the negative charge on the surface thus influencing the heterogeneous
electron-transfer rate. A three-dimensional multilayer catalyst containing [SiW1,040]"
and poly(4-vinyl-pyridine) (PVP) was prepared by Layer-by-Layer method. The
properties can be modulated by varying the soaking time. Other examples of
POMs/polycations films are reported and based on their electrocatalytic studies, POMs

conserve their catalytic properties after being fixed on electrode surface.”'

> : POMs can be entrapped to a polymer-coated surface by

electrostatic  incorporation or be immobilized simultaneously with the
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electropolymerization step. Polymer matrixes like poly(aniline)®, poly(thiophene)®,
poly(acetylene)®® and poly(1-naphthol)® were studied. In many cases, POMs
incorporated in polymer films exhibit similar electrochemical and electrocatalytic

properties to POMs dissolved in solution.

> : POMs can be electrodeposited on
electrode surface under a constant potential: Keita and Nadjo reported firstly the
electrodeposition of [SiW1,040]" on electrode in 1985.% After their seminal work, a

large number of papers have been published about this method.**"*

89,90

Other methods including the encapsulation by MOFs (metal organic frameworks) and the

combination with various C/Si-based materials’' have been also investigated.

3 Electroreduction of NO, by polyoxometalates (POMs)

Electrocatalytic reduction of nitrate ions remains a big challenge since it is a multi-electronic
process involving many intermediate species. POMs are multi-electron reservoirs thus a very
promising candidate for nitrate reduction, especially transition-metal substituted POMs. Nitrite
and nitric oxide are the most important intermediates during the electroreduction reactions,

therefore their catalysis by POMs was also broadly studied.

3.1 Nitrite reduction

Electrocatalytic activity of POMs towards the reduction of NO, /HNO, and NO was studied by
Toth and his coworkers.”” Since then, nitrite reduction is used as a classical test of the

electrocatalytic properties of POMs.

In 1995, Dong and his co-workers” investigated, in more details, a Keggin-type POM
[SiW12040] " which is active for nitrite reduction on glassy carbon electrode. Three redox peaks
are observed while the first two waves (waves I and II) are independent of pH in a pH range of
1 to 5 and the third (wave III) shifts with pH (60 mV/pH). The cathodic current is proportional
to the square root of the scan rate, indicating a diffusion-controlled process. At pH < 2, a

significant current increase for all the three cathodic peaks can be observed after adding NaNO,
-28 -



Chapter I Introduction and literature review

into solution. The activity on the wave I is shown in Fig. I.13. left panel. The best current is
obtained at pH 1 and then the catalytic current decreases at higher pH. At pH > 3, no catalytic
response is observed in the range of +0.1 V to -0.4 V vs. Ag/AgCl, but a remarkable catalytic

current occurs only at the third wave (see Fig. I.13 right panel).

E/V vs. Ag/AgCl E/V vs. Ag/AgCl

Figure I.13: Cyclic voltammograms of 1 mmol-L” [SiW,0,]" at a glassy carbon electrode in solutions of
varying pH with 2 mmol-L”" NaNO,, scan rate: 10 mV-s™. (Reproduced from reference 93 with the permission
from Elsevier).

" substituted Keggin POM and Fe"-substituted

In a further work, they showed that the Fe
Dawson POM have similar electrocatalytic properties.”® McCormac and co-workers’* have
studied a series of transition-metal substituted (NiH, COH, MnIH, MnH, Cu" and FeIH) Dawson-
type POMs for their catalytic properties towards nitrite reduction (see Table 1.1). All of these
compounds are active at pH 2.0 with similar activity. At pH 4.5, the transition metals enhance
the electrocatalytic efficiency. Fe" and Cu"-substituted POMs possess similar activities while
the ones for Ni" and Co"-substituted POMs are lower. Hence, the presence of these metals and
of the POMs units is necessary for the catalysis. Mn"'- and Mn"-substituted Dawson-type

POMs show no electroactivity during nitrite reduction at pH 4.5, a blockage effect is observed

with the combination of Mn and POM unit.
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POM Electrocatalytic efficiency | Electrocatalytic efficiency
at pH 2 at pH 4.5
[0-P,W3042]" ok *

[0-P,W 170611 oAk *
[Fe""(OH),(0-PaW1:061)]" xon -
[Cu"(OH)x(a-P,W 17061)]* ok *okk
[Ni"(OH)(a-P,W17061)1™ ook -
[Co"(OH)x(a-P,W 17061)]* otk ok
[Mn"(OH)y(c-P,W 17061)]* S -
[Mn"'(OH)»(0-P,W17061)]” Hokx -

*** Efficient for low concentrations of nitrite; ** Efficient for concentrations of nitrite where [NO, ] =
20[POM];
* Not efficient for low concentrations of nitrite; - No electrocatalysis observed.

Table I.1: Electrocatalytic efficiencies of the unsubstituted and substituted Dawson-type POMs towards nitrite
reduction at pH 2.0 and 4.5. (Reproduced from reference 94 with the permission from Elsevier).

Keita and co-workers” have shown the influence of Mo atom in two series of Fe- or Cu-
substituted Dawson type POMs, which are a,-P,W1:Mo0xOs1M and a,-P,W13M0,O061M (Where
x 1s from 2 to 5 and M is the substituted metal cations), for nitrite reduction. Whatever the pH,
the presence of Mo was beneficial for the reduction current intensity as well as the overpotential
of the catalytic wave. This observation is in line with the fact that Mo is known as the active

site in nitrite reductase.

The studies mentioned above involved homogeneous catalysis by POMs in solution. Some

other studies have tried to fix POMs at a solid surface to design a heterogeneous catalyst.

For instance, a multilayer film of PDDA/[P,W13062]® (PDDA = poly(diallymethylammonium
chloride) is deposited on PVA/ITO (PVA = poly(vinyl alcohol)) through electrospining method
(Fig. 1.14). For long enough deposition time, PDDA/[P,W50¢,]® selectively adsorbed on PVA
nanofibers. [P,W130¢,]" preserves its redox properties and the intensities of the current increase
with the number of deposited layers. After adding NaNO,, an increase of current is also
observed from the first redox wave in pH 1 solution showing the electrocatalytical reduction of

HNO,.”
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Figure I.14: SEM images of (PDDA/[P,W,504,]%) deposited on the ITO electrode modified with PVA nanofibers
with a electrospun time of 25 minutes (A, C) and 10 minutes (B, D). (Reprinted from reference 96 with the
permission from Elsevier).

Liu and his co-workers’’ have immobilized POMs on an electrode surface embedded in a
polyelectrolyte matrix to build an electrochemical sensor for NO detection. The reduction
current is proportional to the NO concentration in a range from 1 nmol-L™" to 10 pmol-L™', which

can be used as a low cost and water-based environment-friendly NO sensor.

3.2 Nitrate reduction

Many POMs are active for nitrite reduction, but only few transition-metal substituted POMs
have demonstrated possess an activity for nitrate reduction in the homogeneous phase or after

deposition on a support surface.

In 2001, electrocatalytic reduction of nitrate was achieved in the presence of POMs by Keita
and coworkers.”® [Cu""P,W sMo,]* Dawson-type POM was shown to be active for nitrate
reduction just after the copper (II) reduction wave in pH 3 solution (Fig. I.15). A comparison
study with [P2W15M02O61]lo' and [P2W15M03062]6' clarified the influence of the presence of
copper ion. The electrocatalysis of nitrate reduction starts after the electrodeposited copper and
in a potential domain that Mo"' and W"' are reduced. Hence, the final products might be

different from those reduced on Cu bulk electrode. A Ni'-substituted POM [Ni"P,W;5Mo,]* is
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also active for nitrate reduction, which mimic the catalytic effect of metal ion cyclams and

related complexes.

.0f oW, MoCu .01 i of Ml
8.0 5.0 /L

Nitrate dlone
b 0.0f I_

4.0
< - 5.0t
= E
= 2.0} =
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0.0
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200
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4.0
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Figure I.15: Left) Cyclic voltammogram of the three first waves of 5 X10™ mol-L™" [o-P,WsMo,Cu]® in 0.2
mol-L” Na;SO, + H.SO, (pH = 3), scan rate: 2 mV-s™. (Right) after adding of increasing amounts of nitrate with
the excess parametery = Cyps—/Cpou- (Reprinted from reference 98 with the permission from Elsevier).

Since then, various types of transition-metal substituted POMs for nitrate reduction were
reported, most of them contains Cu or Ni ions.”'*"!°! Only few metal-substituted POMs have
been demonstrated to be active for nitrate reduction. [Fe™¢(OH)3(A-a-GeWs034(OH)3)]"' is
active for nitrate reduction in pH 3 (0.4 mol-L"' CH;COONa + CH;COOCH) when the first W

reduction process was reached (Fig. 1.16A).'%

In 2007, Nadjo and his co-workers'” demonstrated [{Sn"(H,0)(CH3):}24{Sn"(CHz)} 12(A-
PWy034)12]°® for nitrate reduction (Fig. 1.16B). The single reversible wave of W (at -0.585 V
vs. SCE) in POMs becomes irreversible at pH 2. The pH dependency of nitrate reduction is
studied and the catalytic pattern moves to more negative potential by increasing pH. Nitrite ions
reduced at a potential that 0.15 V more positive than nitrate with this POM. This POM is also
active toward NO reduction. A sharp peak is observed during NO reduction at the potential of

W reduction and it continues to increase with time.
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[Feg(OH);(A-a GeW 05, (OH);),]'- [{Sn(H,O)(CHy), } 4 {Sn(CHs), } 1o(A-PW305,) 1, ¢

Figure 1.16: Structures of A) [Fe" s(OH) ;(A-0-GeW0s3,(OH)3) ] reprinted from reference 102, Copyright
(2017) American Chemical Society. B) [{Sn" (H,0)(CH3):(H>0)}24{Sn" (CH3) 1} 15(A-PW034) 15]°" reprinted from
reference 103 with the permission from John Wiley and Sons.

In 2007, two Cu-substituted POMs Najs[Cu"j4(OH)4(H,0)16(SiW5031)4]-20.5H,0 and
K oNa4[Cu'10(H20)2(N3)s(GeWs0s4)2(GeWsOs1)2]-30H20 for nitrate reduction in pH 5 acetate
solution were reported (Fig. 1.17). The catalysis starts at the potential domain of W"" reduction

and the current intensity increases with the quantity of nitrate added.'®

Figure 1.17: Structures of Na s/ Cu" 1,(OH) 4(H>0) 16(SiWs03,)4]-20.5H>0 and K ;oNa 4/ Cu" 10(H20)2(N3)+-
GeWo0s34]2(GeWsOs1)2] -30H20 reprinted from reference 104, Copyright (2017) American Chemical Society.

Based on the published work, the catalysis efficiency increases with the number of Cu ions in
structure. POM containing 20 Cu(II) atoms [Cu"20Cl(OH)24(H20)12(PsW4s0154)]>> has been
designed (Fig. [.18A). After then, Mal and his co-workers modified
[Cu"0Br(OH)24(H20)12(PsW4gO154)]> and room-temperature ionic liquid 1-butyl-3-
methylimidazolium tetrafluoroborate on a solid surface, which is the first example of
electrocatalytic nitrate reduction by a polyanions entrapped in room-temperature ionic liquid

films. The electrocatalytic process takes place at the potential of the first W reduction wave.'®®
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3.3 POM@NPs for nitrate and nitrite reduction

Few studies have associated transition-metal substituted POMs with nanoparticles.
[Cu'2CI(OH)24(H20)12(PsW4sO184)]” (CuzoTP) and [Ni'4(PsWisO148)(WO2)]**™ (NisTP)
were fixed on a PDDA modified glassy carbon electrode and then dipped in a solution of Ag
nanoparticles which formed PDDA/CuyyTP/AgNP and PDDA/NisTP/AgNP systems
respectively (Fig. 1.18). The thickness of the films can be modified by changing the number of
the soaking cycles. The redox process assigned to both POM species or AgNP are

distinguishable.'"

A)

Cuy, TP Ni, TP

Figure 1.18: A) Representation of[Cu”z()Cl(OH)M(HZ0)12(Pg,»W480184)]25' (CuyTP) reprinted from reference 106.
Copyright (2017) American Chemical Society. B) Representation Of‘[Nl'H4(P(\’W480[48)(W0_7)]28 (Ni,TP)
reprinted from reference 107. Copyright (2017) American Chemical Society.

The employment of AgNPs can increase the conductivity and porosity of the films. The
electrocatalytic performance of developed films toward the reduction of nitrite and nitrate,
which is showed in Fig. 1.19, exhibits similar activity and starts at almost the same potential (-

0.43 V vs. Ag/AgCl) in pH 4.5 solution.'®
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Figure 1.19: Nitrite (red line, c=5 mmol-L'[) and nitrate (blue line, c=5 mmol-L'j) electrocatalytic reduction on
Ni,TP- (A) and CuyTP-based LBL films-modified electrodes. Working electrode: glassy carbon, number of
assembly: 16, pH 4.5 0.1 mol-L™ Na>,SO, + 20 mmol-L™" CH;COOH, scan rate: 10 mV.s™. (Reproduced from

reference 106. Copyright (2017) American Chemical Society).

In this study, AgNPs were prepared by mixing with poly(ethylenimine) (PEI) and heating for
15 minutes. It is curious that even though AgNPs can be directly prepared with adapted POM
in room temperature under illumination of UV. However, there is no published work examined
the formed Ag@POM nanoparticles properties toward NOy catalysis according to our
knowledge.

In summary, polyoxometalate chemistry offers the possibility to prepare a large variety of
compounds with tuned redox and catalytic properties. Non-substituted POMs, such as the
Keggin-type POM [SiW1,049]* and Dawson-type POM a-[P,W130¢,]%, are active only for the
nitrite reduction, while catalytic activities for both nitrite and nitrate reductions can be achieved
by using transition-metal substituted POM such as [Cu"P,W15sMo2]*, [Cu"50C1(OH)24(H,0)12-
(PsW4s0154)]” and  [Fe"¢(OH)3(A-0-GeWs034(OH)3),]'". However, more detailed
investigations are needed, in particular to elucidate the role of the transition metal in the

catalytic mechanism.

POMs have also the ability to adsorb on the surface of metals. Therefore, tandem catalysis, with
improved efficiencies might be expected by associating POMs with catalytically active metallic
nanoparticles. In this thesis, we have associated POMs and nanoparticles by different
approaches. Under cathodic polarization, Cu@POM nanoparticles can be electrodeposited on
a substrate resulting in significant activity toward the NOy reduction. Another approach consists

in the formation of Ag@POM by photocatalytic reduction of silver salt in the presence of a
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sacrificial donor. In this thesis, the preparation of these M@POM compounds and their
characterization by various techniques will be described and their ability for nitrate and nitrite

reductions will be explored.

-36 -



Chapter I Introduction and literature review

References

1. Bogardi, I., Kuzelka, R. D. & Ennenga, W. Nitrate contamination: exposure, consequence, and control.
(Springer, 1991).

2. Mahler, R. L., Colter, A. & Hirnyck, R. Nitrate and groundwater. quality water for idaho. (University of
Idaho, 2007).

3. Mateo-sagasta, J. & Burke, J. Agriculture and water quality interactions. a global overview. (Senior water
polycy officer, 2010).

4. Gilchrist, M., Winyard, P. G. & Benjamin, N. Dietary nitrate - Good or bad? Nitric Oxide. 22, 104—109
(2010).

5. Brinkmann, T., Santonja, G. G., Yukseler, H., Roudier, S. & Sancho, L. D. Best Available Techniques
(BAT) Reference document for common waste water and waste gas treatment/management systems in the
chemical sector. (European Integrated Pollution Prevention and Control Bureau, 2016).

6. World Health Organization. Nitrate and nitrite in drinking water, background document for development
of WHO guidelines for drinking-water quality. (World Health Organization, 2011).

7. Soares, M. I. M. Biological denitrification of groundwater. Water Air Soil Pollut. 123, 183-193 (2000).

8. Hell, F. Biological denitrification of ground water — 8 years full scale experiences with the BIODEN-
process. Recent Prog. Slow Sand Altern. Biofiltration Process. IWA, 2006).

9. Bohdziewicz, J., Bodzek, M. & Wasik, E. The application of reverse osmosis and nanofiltration to the
removal of nitrates from groundwater. Desalination 121, 139—147 (1999).

10. Malaeb, L. & Ayoub, G. M. Reverse osmosis technology for water treatment: state-of-the-art review.
Desalination 267, 1-8 (2011).

11. Samatya, S., Kabay, N., Yiiksel, U., Arda, M., & YiiKsel, M. Removal of nitrate from aqueous solution
by nitrate selective ion exchange resins. React. Funct. Polym. 66, 1206—1214 (2006).

12. Haque, I.-U., & Tariq, M. Electrochemical reduction of nitrate: a review. J. Chem. Soc. Pakistan 32, 396—
418 (2010).

13. Fanning, J. C. The chemical reduction of nitrate in aqueous solution. Coord. Chem. Rev. 199, 159-179
(2000).

14.  Duca, M. & Koper, M. T. M. Powering denitrification: the perspectives of electrocatalytic nitrate reduction.
Energy Environ. Sci. 5, 9726-9742 (2012).

15. Rosca, V., Duca, M., de Groot, M. T. & Koper, M. T. M. Nitrogen cycle electrocatalysis. Chem. Rev. 109,
2209-2244 (2009)

16. Parkt, J.-Y. & Lee, Y.-N. Solubility and decomposition kinetics of nitrous acid in aqueous solution. J .
Phys. Chem 92, 6294—-6302 (1988).

17. Duca, M., Kavvadia, V., Rodriguez, P., Lai, S.C.S., Hoogenboom, T. & Koper, M. T. M. New insights
into the mechanism of nitrite reduction on a platinum electrode. J. Electroanal. Chem. 649, 59-68 (2010).

18. Duca, M., Van Der Klugt, B. & Koper, M. T. M. Electrocatalytic reduction of nitrite on transition and
coinage metals. Electrochim. Acta 68, 32—43 (2012).

19. Cattarin, S. Electrochemical reduction of nitrogen oxyanions in 1 M sodium hydroxide solutions at silver,
copper and CulnSe; electrodes. J. Appl. Electrochem. 22, 1077-1081 (1992).

20. Petrii, O. A. & Safonova, T. Y. Electroreduction of nitrate and nitrite anions on platinum metals: a model
process for elucidating the nature of the passivation by hydrogen adsorption. J. Elecrrounal. Chem.
Elsevier Sequoia S.4 331, 897-912 (1992).

21. Dima, G. E., De Vooys, A. C. A. & Koper, M. T. M. Electrocatalytic reduction of nitrate at low
concentration on coinage and transition-metal electrodes in acid solutions. J. Electroanal. Chem. 554-555,
15-23 (2003).

22. Neurock. M, Santen, R. A. van, Biemolt, W. & Jansen, A. P. J. Atomic and molecular oxygen as chemical
precursors in the oxidation of ammonia by copper. J Am Chem Soc 116, 6860—-6872 (1994).

23. De Vooys, A. C. A., Koper, M. T. M., Van Santen, R. A. & Van Veen, J. A. R. Mechanistic study on the
electrocatalytic reduction of nitric oxide on transition-metal electrodes. J. Catal. 202, 387-394 (2001).

24. De Vooys, A. C. A., Van Santen, R. A. & Van Veen, J. A. R. Electrocatalytic reduction of NO3™ on
palladium/copper electrodes. J. Mol. Catal. A Chem. 154,203-215 (2000).

25. Katsounaros, 1., Ipsakis, D., Polatides, C. & Kyriacou, G. Efficient electrochemical reduction of nitrate to
nitrogen on tin cathode at very high cathodic potentials. Electrochim. Acta 52, 1329-1338 (2006).

26. Vorlop, K.-D. & Tacke, T. Erste Schritte auf dem Weg zur edelmetallkatalysierten nitrat- und nitrit-
entfernung aus trinkwasser. Chemie Ing. Tech. 61, 836—-837 (1989).

27. Rozali, O. M. Electrochemical stability of Cu, Ni, Co, Pt and Ir metals sheet and their composite electrodes
in potassium hydroxide solution. /nt. J. Electrochem. Sci 7, 8408-8419 (2012).

28. Wada, K., Hirata, T., Hosokawa, S., Iwamoto, S. & Inoue, M. Effect of supports on Pd-Cu bimetallic

catalysts for nitrate and nitrite reduction in water. Catal. Today 185, 81-87 (2012).

-37-



29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.
40.
41.
42.
43.
44.

45.
46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Chapter I Introduction and literature review

Milhano, C. & Pletcher, D. The electrodeposition and electrocatalytic properties of copper—palladium
alloys. J. Electroanal. Chem. 64, 24-30 (2008).

Yoshinaga, Y., Akita, T., Mikami, [. & Okuhara, T. Hydrogenation of nitrate in water to nitrogen over Pd—
Cu supported on active carbon. J. Catal. 207, 3745 (2002).

Piao, S., Kayama, Y., Nakano, Y., Nakata, K., Yoshinaga, Y. & Shimazu, K. Nitrate reduction on tin-
modified rhodium, ruthenium, and iridium electrodes. J. Electroanal. Chem. 629, 110—116 (2009).
Rodriguez, R., Pfaff, C., Melo, L. & Betancourt, P. Characterization and catalytic performance of a
bimetallic Pt-Sn/HZSM-5 catalyst used in denitratation of drinking water. Catal. Today 107-108, 100—
105 (2005).

Mattarozzi, L., Cattarin, S. Comisso, N., Gerierro, P., Misiani, M., Vazquez-Gémez, L. & Verlato, E.
Electrochemical reduction of nitrate and nitrite in alkaline media at CuNi alloy electrodes. Electrochim.
Acta 89, 488-496 (2013).

Dima, G. E., Rosca, V. & Koper, M. T. M. Role of germanium in promoting the electrocatalytic reduction
of nitrate on platinum: An FTIR and DEMS study. J. Electroanal. Chem. 599, 167176 (2007).
Figueiredo, M. C., Souza-Garcia, J., Climent, V. & Feliu, J. M. Nitrate reduction on Pt (1 1 1) surfaces
modified by Bi adatoms. Electrochem. commun. 11, 1760—1763 (2009).

Magalon, A., Fedor, J. G., Walburger, A. & Weiner, J. H. Molybdenum enzymes in bacteria and their
maturation. Coord. Chem. Rev. 255, 1159-1178 (2011).

Anderson, L. J., Richardson, D. J. & Butt, J. N. Catalytic protein film voltammetry from a respiratory
nitrate reductase provides evidence for complex electrochemical modulation of enzyme activity.
Biochemistry 40, 11294-11307 (2001).

Gates, A. J., Richardson, D. J. & Butt, J. N. Voltammetric characterization of the aerobic energy-
dissipating nitrate reductase of paracoccus pantotrophus: exploring the activity of a redox-balancing
enzyme as a function of electrochemical potential. Biochem. J. 409, 159-168 (2008).

Majumdar, A., Pal, K. & Sarkar, S. Necessity of fine tuning in Mo(iv) bis(dithiolene) complexes to warrant
nitrate reduction. Dalt. Trans. 11, 1927-1938 (2009).

Pletcher, D. & Milhano, C. The electrochemistry and electrochemical technology of nitrate. (Springer
Science, 2009).

Taniguchi, 1., Nakashima, N., Matsushita, K. & Yasukouchi, K. Electrocatalytic reduction of nitrate and
nitrite to hydroxylamine and ammonia using metal cyclams. J. Electroanal. Chem. 224, 199-209 (1987).
Chebotareva, N. & Nyokong, T. Metallophthalocyanine catalysed electroreduction of nitrate and nitrite
ions in alkaline media. 27, 975-981 (1996).

Pope, M. T. & Miiller, A. Polyoxometalate chemistry. Angew. Chemie Int. Ed. 30, 34-48 (1991).
Berzelius, J. J. Beitrag zur naheren kenntnifs des molybdans. Ann. Phys. 82, 369—392 (1826).

Keggin, J. F. Structure and formula of 12-phosphotungstic acid. Proc. R. Soc. A 144. 75-100 (1934).
Miiller, A., Krickemeyer, E., Meyer, J., Bogge, H., Peters, F., Plass, W., Diemann, E., Dillinger, S.,
Nonnenbruch, F., Randerath, M. & Menke, C. [MO154(NO)140420(OH)28(H20)70](25+'5)': a water-soluble big
wheel with more than 700 atoms and a repative molecular mass of about 24000. Angew. Chemie Int. Ed.
34,2122-2124 (1995).

Miiller, A., Krickemeyer, E., Bogge, H., Schmidtmann, M. & Peters, F. Organizational forms of matter:
an inorganic super fullerene and keplerate based on molybdenum oxide. Angew. Chemie Int. Ed. 37,3359—
3363 (1998).

Miiller, A., Beckmann, E., Bogge, H., Schmidtmann, M. & Dress, A. Inorganic chemistry goes protein
size: a Mo3eg nano-hedgehog initiating nanochemistry by symmetry breaking. Angew. Chemie Int. Ed. 41,
1162-1167 (2002).

Sadakane, M. & Steckhan, E. Electrochemical properties of polyoxometalates as electrocatalysts. Chem.
Rev. 98 219-238 (1998).

Proust, A. & Gouzerh, P. Functionalization of polyoxometalates: towards advanced applications in
catalysis and materials science. Chem. Commun. 0, 1837-1852 (2008).

Artero, V., Proust, A., Herson, P., Villain, F., Cartier dit Moulin, C. & Gouzerh, P. Synthesis and
characterization of the first carbene derivative of a polyoxometalate. J. Am. Chem. Soc 125, 11156-11157
(2003).

Mialane, P., Dolbecq, A., Riviére, E., Marrot, J. & Sécheresse, F. A polyoxometalate containing the {Ni,N3}
fragment: Ferromagnetic coupling in a Ni"" p-1,1 azido complex with a large bridging angle. Angew.
Chemie Int. Ed. 43, 2274-2277 (2004).

Compain, J.-D., Deniard, P., Dessapt, R., Dolbecq, A., Oms, O., Sécheress, F., Marrota, J. & Mialane, P.
Functionalized polyoxometalates with intrinsic photochromic properties and their association with
spiropyran cations. Chem. Commun. 46, 7733-7735 (2010).

Proust, A., Matt, B., Villanneau, R., Guillemot, G., Gouzerha, P. & Izzet, G. Functionalization and post-
functionalization: a step towards polyoxometalate-based materials. Chem. Soc. Rev. 41, 7605-7622 (2012).
Kozhevnikov, I. V. Sustainable heterogeneous acid catalysis by heteropoly acids. J. Mol. Catal. A Chem.
262, 86-92 (2007).

-38 -



56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

Chapter I Introduction and literature review

Clemente-Juan, J. M., Coronado, E. & Gaita-Arifio, A. Magnetic polyoxometalates: from molecular
magnetism to molecular spintronics and quantum computing. Chem. Soc. Rev. 41, 7464 (2012).

Palii, A., Tsukerblat, B., Klokishner, S., Dunbar, K. R., Clemente-Juand, J. M. & Coronado, E. Beyond
the spin model: exchange coupling in molecular magnets with unquenched orbital angular momentaw
andrei. Chem. Soc. Rev. 40, 3130-3156 (2011).

Borras-Almenar, J. J., Clemente, J. M., Coronado, E. & Tsukerblat, B. S. Mixed-valence polyoxometalate
clusters. I. Delocalization of electronic pairs in dodecanuclear heteropoly blues with Keggin structure.
Chem. Phys. 195, 1-15 (1995).

Borras-Almenar, J. J., Clemente, J. M., Coronado, E. & Tsukerblat, B. S. Mixed-valence polyoxometalate
clusters. II. Delocalization of electronic pairs in 18-site heteropoly blues with Wells-Dawson structure.
Chem. Phys. 195, 17-28 (1995).

Papaconstantinou, E. Photochemistry of polyoxometallates of molybdenum and tungsten and/or vanadium.
Chem. Soc. Rev. 18, 1-31 (1989).

Hiskia, A., Mylonas, A. & Papaconstantinou, E. Comparison of the photoredox properties of
polyoxometallates and semiconducting particles. Chem. Soc. Rev. 30, 62—69 (2001).

Azcarate, 1., Huo, Z. H., Farha, R., Goldmann, M., Xu, H. L., Hasenknopf, B., Lacéte, E. & Ruhlmann, L.
Generation  of  photocurrent by  visible-light  irradiation = of  conjugated  dawson
polyoxophosphovanadotungstate-porphyrin copolymers. Chem. - A Eur. J. 21, 8271-8280 (2015).
Khenkin, A. M., Efremenko, 1., Weiner, L., Martin, J. M. L. & Neumann, R. Photochemical reduction of
carbon dioxide catalyzed by a ruthenium substituted polyoxometalate. Chem. - A Eur. J. 16, 1356—1364
(2010).

Troupis, A., Hiskia, A. & Papaconstantinou, E. Synthesis of metal nanoparticles by using
polyoxometalates as photocatalysts and stabilizers. Angew. Chem., Int. Ed. 41, 1911-1914 (2002).
Costa-Coquelard, C., Schaming, D., Lampre, I. & Ruhlmann, L. Photocatalytic reduction of Ag,SO4 by
the Dawson anion (x—[P2W18062]6' and tetracobalt sandwich complexes. Appl. Catal. B Environ. 84, 835—
842 (2008).

Tausch-Treml, R., Henglein, A. & Lilie, J. Reactivity of silver atoms in aqueous solution II. a pulse
radiolysis study. Berichte der Bunsengesellschaft fiir Phys. Chemie 82, 1335-1343 (1978).

Wang, Y., Neyman, A., Arkhangelsky, E., Gitis, V., Meshi, L. & Weinstock, I. A. Self-assembly and
structure of directly imaged inorganic-anion monolayers on a gold nanoparticle. J Am Chem Soc 131,
17412-17422 (2009).

Troupis, A., Gkika, E., Hiskia, A. & Papaconstantinou, E. Photocatalytic reduction of metals using
polyoxometalates: recovery of metals or synthesis of metal nanoparticles. C. R. Chim. 9, 851-857 (2006).
Troupis, A., Hiskia, A. & Papaconstantinou, E. Selective photocatalytic reduction-recovery of palladium
using polyoxometallates. Appl. Catal. B Environ. 52, 41-48 (2004).

Rong, C. Y. & Pope, M. T. Lacunary polyoxometalate anions are acceptor ligands characterization of some
tungstoruthenate heteropolyanions and their atom transfer reactivity. J Am Chem Soc 114, 2932-2938
(1992).

Bart, J. C. & Anson, F. C. Coordination, electron transfer and catalytic chemistry of a ruthenium-
substituted heteropolytungstate anion as revealed in its electrochemical behavior. J. Electroanal. Chem.
390, 11-19 (1995).

S Sadakane, M. & Steckhan, E. Investigation of the manganese-substituted Keggin-heteropolyanion
KeSiW1,030Mn( H,0) by cyclic voltammetry and its application as oxidation catalyst. J. Mol. Catal. A
Chem. 114, 221-228 (1996).

El Moll, H., Rousseau, G., Dolbecq, A., Oms, O., Marrot, J., Haouas, M., Taulelle, F., Rivi¢re, E.,
Wernsdorfer, W., Lachkar, D., Lacéte, E., Keita, B. & Mialane, P. Properties of a tunable multinuclear
nickel polyoxotungstate platform. Chem. - A Eur. J. 19, 6753—-6765 (2013).

Tayebee, R. Epoxidation of some olefins with hydrogen peroxide catalyzed by heteropolyoxometalates.
Asian J. Chem. 20, 8-14 (2008).

Jameel, U., Zhu, M.-Q., Chen, X.-Z., Liu, Y. & Tong, Z.-F. Green epoxidation of cyclooctene with
molecular oxygen over an ecofriendly heterogeneous polyoxometalate-gold catalyst Au/BW;,/AL,Os. J.
Zhejiang Univ. A 17, 1000-1012 (2016).

Cheng, L., Zhang, X., Xi, X., Liu, B. & Dong, S. Electrochemical behavior of the molybdotungstate
heteropoly complex with neodymium, K;oH;[Nd(SiM0o;W4039),].xH,0 in aqueous solution. J.
Electroanal. Chem. 407, 97—-103 (1996)..

Toth, J. E., Melton, J. D., Cabelli, D., Bielski, B. H. J. & Anson, F. C. Electrochemistry and redox
chemistry of H,OFe™SiW ;050 in the presence of H,0, and OH. Inorg. Chem 29, 1952—-1957 (1990).
Dong, S. & Liu, M. Electrochemical and electrocatalytic properties Dawson-type tungstophosphate anion
of iron ( II1') -substituted. J. Electroanal. Chem. 372,95-100 (1994).

Girardi, M., Blanchard, S., Griveau, S., Simon, P., Fontecave, M., Bedioui, F. & Proust, A. Electro-assisted
reduction of CO, to CO and formaldehyde by (TOA)e[SiW;039Co( )] polyoxometalate. Eur. J. Inorg.
Chem. 2015, 3642-3648 (2015).

-390 .



80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

Chapter I Introduction and literature review

Rong, C. Y. & Anson, F. C. Spontaneous adsorption of heteropolytungstates and heteropolymolybdates
on the surfaces of solid electrodes and the electrocatalytic activity of the adsorbed anions. /norganica
Chim. Acta 242, 11-16 (1996).

Rong, C. Y. & Anson, F. C. Unusually strong adsorption of highly charged heteropolytungstate anions on
mercury electrode surfaces. Anal. Chem. 66, 3124-3130 (1994).

Keita, B., Belhouari, A., Nadjo, L. & Contant, R. Electrocatalysis by polyoxometalate I polymer systems:
reduction of nitrite and nitric oxide. J. Electroanal. Chem. 381, 243-250 (1995).

Xi, X. & Dong, S. Electrocatalytic reduction of nitrite using Dawson-type tungstodiphosphate anions in
aqueous solutions, adsorbed on a glassy carbon electrode and doped in polypyrrole film. J. Mol. Catal. A
Chem. A 114, 257-265 (1996).

Zagorska, M., Kulszwicz-Bajer, 1., Lukomska-Godzisz, E., Pron, A., Glowacki, I. & Ulanski, J. Lefrant,
S. Modification of polyacetylene and polyalkylthiophene by doping with heteropolyanions. Synth. Met.
37, 99-106 (1990).

Pham, M.-C., Moslih, J., Chauveau, F. & Lacaze, P.-C. In situ multiple internal reflection Fourier
transform infrared spectroscopic (MIRFTIRS) study of the electrochemical immobilization of
heteropolyanions in poly(1-naphthol) coated electrodes. J. Appl. Electrochem. 21, 902-909 (1991).
Keita, B. & Nadjo, L. Activation of electrode surfaces Application to the letrocatalysis of the hydrogen
evolution reaction. J. Electroanal. Chem. Interfacial Electrochem. 191, 441-448 (1985).

Savadogo, O. & Carrier, F. The hydrogen evolution reaction in basic medium on iron electrodeposited
with heteropolyacids. J. Appl. Electrochem. 22, 437-442 (1992).

Wang, S.-M., Liu, L., Chen, W.-L., Zhang, Z-M., Su, Z.-M. & Wang E.-B. A new electrodeposition
approach for preparing polyoxometalates-based electrochromic smart windows. J. Mater. Chem. 1,216~
220 (2013).

Yang, H., Li, J., Zhang, H., Lv, Y. & Gao, S. Facile synthesis of POM@MOF embedded in SBA-15 as a
steady catalyst for the hydroxylation of benzene. Microporous Mesoporous Mater. 195, 87-91 (2014).
Du, D.-Y., Qin, J.-S., Li, S.-L., Su, Z.-M. & Lan, Y.-Q. Recent advances in porous polyoxometalate-based
metal-organic framework materials. Chem. Soc. Rev. Chem. Soc. Rev 43, 4615-4632 (2014).

Dufaud, V. & Lefebvre, F. Inorganic hybrid materials with encapsulated polyoxometalates. Materials
(Basel). 3, 682-703 (2010).

Toth, J. E. & Anson, F. C. Electrocatalytic reduction of nitrite and nitric oxide to ammonia with iron-
substituted polyoxotungstates. J. Am. Chem. Soc. 256, 2444-2451 (1989).

Dong, S., Xi, X. & Tian, M. Study of the electrocatalytic reduction of nitrite with silicotungstic
heteropolyanion. J. Electroanal. Chem. 385, 227-233 (1995).

McCormac, T., Fabre, B. & Bidan, G. Part II. Role of pH and the transition metal for the electrocatalytic
reduction of nitrite with transition metal substituted Dawson type heteropolyanions. J. Electroanal. Chem.
427, 155-159 (1997).

Keita, B., Girard, F., Nadjo, L., Contant, R., Belghiche, R. & Abbessi, M. Cyclic voltammetric evidence
of facilitation of the reduction of nitrite by the presence of molybdenum in Fe- or Cu-substituted
heteropolytungstates. J. Electroanal. Chem. 508, 70—80 (2001).

Shan, Y., Yang, G., Sun, Y., Pang, S., Gong, J., Su, Z. & Qu, L. ITO electrode modified by self-assembling
multilayer film of polyoxometallate on poly(vinyl alcohol) nanofibers and its electrocatalytic behavior.
Electrochim. Acta 53, 569-574 (2007).

Liu, S., Volkmer, D. & Kurth, D. G. Smart polyoxometalate-based nitrogen monoxide sensors. Anal. Chem.
76, 4579-4582 (2004).

Keita, B., Abdeljalil, E., Nadjo, L., Contant, R. & Belgiche, R. First examples of efficient participation of
selected metal-ion-substituted heteropolyanions in electrocatalytic nitrate reduction. Electrochem.
commun. 3, 56-62 (2001).

Jabbour, D., Keita, B., Mbomekalle, I. M., Nadjo, L. & Kortz, U. Investigation of multi-nickel-substituted
tungstophosphates and their stability and electrocatalytic properties in aqueous media. Eur. J. Inorg. Chem.
4,2036-2044 (2004).

Keita, B., Martyr, 1., Nadjo, L. & Contant, R. [H4AsW18062]7', A novel Dawson heteropolyanion and two
of its sandwich-type derivatives: electrocatalytic properties towards nitrite and nitrate. Electrochem.
commun. 3,267-273 (2001).

Ammam, M., Mbomekallea, [.-M., Keita, B., Nadjo, L., Anderson, T. M., Zhang, X., Hardcastle, K. L.,
Hill, C. L. & Fransaer, J. Electrochemical behavior and electrocatalytic properties towards hydrogen
peroxide, dioxygen and nitrate of the polyanions (NiHOHz)z(FeIH)z(sz15056)214' X = PY or AsV): A
comparative study. J. Electroanal. Chem. 647, 97-102 (2010).

Bi, L.-H., Kortz, U., Nellutla, S., Stowe, A. C., Dalal, N. S., Keita, B. & Nadjo, L. Structure ,
electrochemistry , and magnetism of the iron ( III ) -substituted Keggin dimer. /norg. Chem. 44, 896-903
(2005).

- 40 -



103.

104.

105.

106.

107.

Chapter I Introduction and literature review

Keita, B., de Oliveira, P., Nadjo, L. & Kortz, U. The ball-shaped heteropolytungstates
[[Sn(CH3),(H,0)]o4[Sn(CH3)2]12(A-XWo034) 1]’ (X=P, As): stability, redox and electrocatalytic
properties in aqueous media. Chem. - A Eur. J. 13, 5480-91 (2007).

Zhang, Z., Qi, Y., Qin, C., Li, Y., Wang, E.B., Wang, X., Su, Z. & Xu, L. Two multi-copper-containing
heteropolyoxotungstates constructed from the lacunary keggin polyoxoanion and the high-nuclear spin
cluster. Inorg. Chem. 46, 8162—-8169 (2007).

Mal, S. S., Bassil, B. S., Ibrahim, M., Nellutla, S., Tol, J., Dalal, N. S., Fernandez, J. A. Lopez, X., Poblet,
J. M., Biboum, R. N., Keita, B. & Kortz. U. Wheel-shaped Cuyj-tungstophosphate
[CuzX(OH)24(H,0)12(PsW450154)]” ion (X = Cl, Br, I) and the role of the halide guest. Inorg. Chem. 48,
11636-11645 (2009).

Imar, S., Maccato, C., Dickinson, C., Vagin, M. & Mccormac, T. Enhancement of nitrite and nitrate
electrocatalytic reduction through the employment of self-assembled layers of nickel- and copper-
substituted crown-type Heteropolyanions. Langmuir 31, 2584-2592 (2015).

Bassil, B. S., Ibrahim, M., Mal, S. S., Suchopar, A., Biboum, R. N., Keita, B., Nadjo, L., Nellutla, S., van
Tol, J., Dalal, N. S. & KortzCobalt, U. Manganese, nickel, and vanadium derivatives of the cyclic 48-
tungsto-8-phosphate [HPgW450154]>". Inorg. Chem. 49, 4949-4959 (2010).

_4] -



Chapter 11

Reduction of NOy on Cu or Ag bulk electrode in

the presence of polyoxometalates



Chapter II Reduction of NOy on Cu or Ag bulk

electrode in the presence of polyoxometalates

1 Introduction

Nitrate reduction at various metal electrodes has been widely studied in both acid and alkaline
solutions. In these studies, nitrate reduction generally occurs at the same potential of hydrogen
evolution. On coinage metal, Duca and co-workers' showed that the electrocatalytic activity for
nitrate reduction in acidic medium decreases in the order Cu > Ag > Au. On these metals,
kinetics suggests that the reduction of nitrate into nitrite is the rate-determining step of the
reaction, while the final product depend on the mechanism of the nitrite reduction.” If using Ag
or Au electrode, only a small reduction current during nitrate reduction is observed. The
reduction starts at 0.75 V vs. RHE on Au electrode and at 0.15 V vs. RHE on Ag electrode while
nitrate can be reduced on Cu electrode in 0.1 mol-L™' HCIOy4 at 0 V vs. RHE with a higher

catalytic current than on other two metals.'

The amount of metal catalyst can be significantly reduced by using nanoparticles instead of
bulk materials. However, the nanoparticles need to be protected by a capping agent to prevent
their agglomeration which would resulting a decrease of the catalytic efficiency. In this respect,
POMs are very promising compounds, since they can be used both as protecting ligand to
stabilizer metal nanoparticles and also as co-catalyst for tandem processes since POMs are also
active for the nitrate and nitrite reduction. Thus, the association of POMs with catalytic metallic
nanoparticles may lead to enhance the catalytic properties and may allow to tune the reaction
selectivity. It is well known that POMs are able to spontaneously adsorb on various electrode
surfaces such as Au, Hg, Ag and carbon.”** Among various kinds of POMs, Keggin-type POMs
modified surface were the most widely investigated. Nadjo and his co-workers® have shown
that [SiW12040]" adsorbs spontaneously on Au surface at pH 4 0.5 mol-L™' Na,SO4 + H,SO,4
in only 600 seconds with 10 mol-L™' [SiW,040]" in solution. At potentials below -0.40 V vs.
SCE (first W"! reduction wave), the POM is reduced and desorbs from Au surface based on
Electrochemical Quartz Crystal Microbalance (EQCM). Gewirth and his co-workers® have
reported a strong interaction between [SiW204]" and Ag surface, the formation of the
adsorbed Ag-SiW,040" passivating the surface with negative potential cycling between -0.80
V and -0.50 V vs. Ag/AgCl. To the best of our knowledge, the interaction between [SiW12040]"
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and Cu bulk electrode has not been addressed. However, in most studies, the electrochemical
response of the POM in the voltammetric current potential curves is not strongly affected after

being adsorbed on electrode surface such as Au, Pt or GC.°

One of the aims of this thesis is to understand the influence of the presence of POM entities
during the nitrate and nitrite reduction on Cu and Ag metal and to determine under which

conditions a synergy between POM and metal can exist during these reactions.

In this chapter, we present some results of nitrate and nitrite reductions on Cu or Ag bulk
electrode in the absence or in the presence of POMs in aqueous solution at various pH, in order

to understand the role of the POM entity in the electrocatalytic reduction.

For this purpose, a Keggin-type POM [SiW,049]" has been chosen for its catalytic properties
toward NO,  or HNO, reduction. Dong and his co-workers’ have shown that [SiW204]"
possesses two one-electron redox waves followed by one two-electron redox wave in cyclic
voltammogram from +0.10 V vs. Ag/AgCl in acidic medium. In the presence of NaNO,,
electrocatalytical reduction has been reported at the first reduction wave (at E = -0.20 V vs.
Ag/AgCl at pH 2) or at the third wave (at E = -0.85 V vs. Ag/AgCl at pH = 4). The nitrite
reduction is then catalyzed in the presence of [SiW1,04]"". The details have been discussed in
Chapter I page 34. It should be noted that the nitrous acid disproportionates slowly under pH =

3.39% according to:’
2HNO,(aq) 2 NO(aq) + NO,(aq) + H,0
Therefore, the measurements have to be completed rapidly.

2 Electrochemical properties of [SiW12040]4' on Cu or Ag electrode

Electrochemical properties of [SiW12040]" in solution on Cu, Ag and Glassy Carbon (GC) bulk
electrodes were studied by using cyclic voltammetry in two buffer solutions: 1 mol-L™

CH;COOQLi + CH3COOH (pH 5) and 0.5 mol- L™ Na,SO4 + H,SO,4 (pH 1).
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2.1 On GC bulk electrode
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Figure I1.1: Top: 14) CV of 0.1 mmol-L ! [SiW,204(;]4' inpH10.5 mol-L” Na,SO, + H,S0, solution on GC
electrode, v =2m Vs, 1B) Variation of scan rates from inner to outer curve: 10, 20, 30, 40, 50, 60, 70, 80, 90
and 100 mV's'. (Inset) variation of cathodic peak current intensity as a function of the scan rate. Bottom: 24)
CVof 0.1 mmol-L ! [SiW1204(;]4' inpHS5 1 mol-L”’ CH;COOLi + CH;COOH solution on GC electrode, v = 2
mV-s 2B) Variation of scan rates from inner to outer curve: 10, 20, 30, 40, 50, 60, 70, 80, 90 and 100 m Vs,

(Inset) variation of cathodic peak current intensity as a function of the scan rate.

Cyclic voltammgrams are displayed in Fig II.1. The range of potential is limited from 0.20 V
to the end of the W"' reduction waves. Three reduction peaks are observed in both pH 1 solution
and pH 5 solution. The first cathodic peak currents have been shown proportional to the square
root of the scan rate, indicating a diffusion-controlled process.”'® The first two peaks are
reversible and independent of pH, while the third redox wave varies with the pH of the solution
(-0.73 V at pH 1 and -0.95 V at pH 5), with a shift around 60 mV/pH unit. These results are

coherent with the work of Dong.” The three redox processes can be described as:
SiwYlozy + e = SiWHwvozy

SIWHIWY 0y +e™ = SiWwl{ Wy osy
SiWHWY 085 +2e~ + 2H' = H,SiWg'W) 08y
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2.2 On Cu bulk electrode

The range of CV was limited anodically to -0.10 V vs. SCE (above which Cu oxidation occurs)

and to the H; evolution potential on Cu (at -0.65 V vs. SCE at pH 1 and -0.90 V at pH 5).
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Figure I1.2: Top: 14) CV of 0.1 mmol-L ! [SiW1204()]4' inpH 1 0.5 mol-L™! Na>SO, + H>SO, solution on Cu
electrode, v =2m Vs, 1B) Variation of scan rates from inner to outer curve: 10, 20, 30, 40, 50, 60, 70, 80, 90
and 100 mV-s. (Inset) variation of cathodic peak current intensity as a function of the scan rate. Bottom: 2A4)

CVof 0.1 mmol-L ! [S[W1304()]4' inpHS5 1 mol-L"’ CH;COOLi + CH;COOAH solution on Cu electrode, v = 2
mV-s 2B) Variation of scan rates from inner to outer curve: 10, 20, 30, 40, 50, 60, 70, 80, 90 and 100 m Vs,
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(Inset) variation of cathodic peak current intensity as a function of the scan rate.

At pH 1, two quasi-reversible reduction peaks are observed at -0.22 V and -0.47 V vs. SCE
(wave I and II), attributed to the redox processes of W centers (W' /W" couples) as shown in
Fig. II.2A. In contrast at pH 5, the first wave is difficult to define due to the significant redox
peak of ion acetate on Cu electrode (see Fig. I1.3) which conceals the first reduction wave of
WV However, this wave is detectable at higher scan rate (100 mV-s™). The second reduction
wave is observed at -0.52 V (wave II, see Fig. I1.2B). The cathodic current increases linearly
with the scan rate suggesting that the POM detected is absorbed on electrode surface. This

observation explains the reason that [SiW1,040]" reduced at more positive potential on Cu bulk

electrode than on GC electrode at pH 1.
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40 1 Cu in pH 5 solution

1/ pA

20 1

20 L— : : : —L
10 08 -06 -04 02 00

E/Vvs. SCE

Figure I1.3: CV of Cu bulk electrode in pH 5 1 mol-L! CH;COOLi + CH;COOH solution, v =20 m V-s' Black
line: the measurement is carried out at potential range of 0.10 V'to -1.05 V. Red line: the measurement is
carried out at potential range of -0.20 V to -0.9 V to avoid the reduction of ions acetate in solution on Cu

electrode as well as the oxidation of the Cu.

2.3 On Ag bulk electrode

The redox properties of the POM were also investigated on Ag electrode in range between -
0.10 V and -0.65 V at pH 1 and between -0.10 V and -0.90 V at pH 5. In pH 1 solution, two
quasi-reversible reduction peaks are observed at -0.23 V and -0.48 V corresponding to the

. VI/V
reductions of W

couple (see Fig. II.1A). It should be mentioned that the redox waves of the
[SiW12040] " occurs nearly at the same potential on Ag and on Cu electrodes at pH 1. In contrast,
at pH 5, the two reduction peaks were found at slightly lower potentials: -0.30 V and -0.56 V
on Ag electrode versus = -0.28 V and -0.52 V on Cu electrode (see Fig. I1.2A). Since the
cathodic peak current is proportional to the scan rate, the POM is assumed to be adsorbed on

the Ag electrode in this potential range.
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Figure I1.4: Top: 14) CV of 0.1 mmol-L ! [S[W1304()]4' inpH 1 0.5 mol-L ! Na,SO, + H,SO, solution on Ag
electrode, v =2m Vs, 1B) Variation of scan rates from inner to outer curve: 10, 20, 30, 40, 50, 60, 70, 80, 90
and 100 mV-s”. (Inset) variation of cathodic peak current intensity as a function of the scan rate. Bottom: 2A)

CVof 0.1 mmol-L ! [SiW1204()]4' inpH 5 I mol-L ! CH;COOLi + CH;COOH solution on Ag electrode, v = 2
mV-s 2B) Variation of scan rates from inner to outer curve: 10, 20, 30, 40, 50, 60, 70, 80, 90 and 100 m Vs,

(Inset) variation of cathodic peak current intensity as a function of the scan rate.

Reduction peak potentials of [SiW1,040]* on GC, Cu and Ag are summarized in the Table II.1.
In resume, at pH 1, the first two reductions were measured at similar potentials on Cu and Ag
electrode. But these two reduction peaks shift approximately 30 mV to more negative potential
on GC electrode. In contrast, in pH 5 solution, POM is reduced at more negative potential on
Ag surface than on other two electrodes. The different redox potentials reflect a strong
interaction between POM and metal surface which affects its electrochemical properties. The
third reduction wave is observed only on GC electrode because GC electrode is less active for

the hydrogen evolution reaction.
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E/V vs. SCE wave [ wave [I wave III
GC -0.25 -0.50 -0.73
pH 1 Cu -0.22 -0.47 -
Ag -0.23 -0.48 -
GC -0.27 -0.51 -0.95
pH S5 Cu -0.28" -0.52 -
Ag -0.30 -0.56 -

“ measured at 100 mV-s"!

Table II.1: Reduction peak potentials measured from cyclic voltammograms of [SiW;,04]" on GC, Cu and Ag
electrodes in pH 1 0.5 mol-L [NaZSO4 + H,SO, or in pH 5 1 mol-L ! CH;COOLi + CH;COOH solutions, v
=2mVs’.

3 Reduction of NO,/HNO,; on Cu or Ag bulk electrode in the
presence of [SiW12040]4'

3.1 Reduction of HNO, in pH 1 medium with or without [SiW,04]"

Nitrite is protonated under pH =3.39,® therefore the main specie at pH 1 in aqueous solution is
p p Y p q

HNO,.

The catalytic onset potential (measured at v =2 mV-s™) is arbitrarily defined at the potential
where the nitrite reduction AI = Iy - Iyox = 0.5 pA (corresponding to 7.15 pA/cm* with electrode
surface A = 0.07 cm?), in the presence of 1 mmol-L™' NO, (mainly HNO,). Iy is defined as
Lelectrode (When no POM is present in the system) (see Fig. I1.5A) or Iy = Lejectroderpom When Keggin
POM [SiW1,040]" is present (see Fig. IL.5B). This current value AI= 0.5 uA allows to compare
the catalytic performances of the different systems since it is low enough to determine the onset
potential at which the catalytic reduction occurs without significant influence of the NOy mass
transport and high enough in comparison to the background current. Note that the onset
potential of the reduction might depend on the NOy concentration affecting the mass transport
and the reaction order of NOx was not determined. In the following, the onset potential will be

determined at a concentration of 1 mmol-L ! NOx.
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Figure I1.5: Illustrations of measurement of catalytic onset potential in two situations: A) without POM in
solution and B) in the presence of H;[SiW ;50 ,] POM in solution.

3.1.1 On GC bulk electrode

|/ pA

[/ —— with [SW,,0,]"
/ —— with [SW,,0,,]" + 1 mMNaNO,
—— with [SIW,,0,,]* + 3 mM NaNO,

06 -04 02
E/Vvs. SCE

0.8 0.0 0.2

Figure 11.6: Electrochemical reduction of HNO; in the presence of 0.1 mmol-L ! [SiW1204()]4' on GC electrode in
pH 1 0.5 mol-L ! Na,SO,+ HSO4, v=2m Vs

HNO, reduction on GC electrode with [SiW,04]" is shown in Fig IL.6. In the absence of POM,

the GC electrode is not active towards nitrite reduction. But in the presence of POM, the

catalytic current starts from the first reduction wave of W

VIV

while the catalytic onset potential

is located at -0.21 V with Al = 0.5 pA for a nitrite concentration 1 mmol-L™. An augmentation

of current is observed at all measured range especially at last two reduction waves of POMs.

The current intensity increases with the concentration of HNO,.
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3.1.2 On Cu bulk electrode
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Figure I1.7: A) Electrochemical reduction of HNO; on Cu electrode. B) Electrochemical reduction of HNO; in
the presence of 0.1 mmol-L ! [SiW,204(;]4' on Cu electrode. C) Comparison of HNO; reduction with or without
[SiW1_7040]4' in solution. Buffer solution: pH 1 0.5 mol-L ! Na,SO, + HSO4, v=2m Vs,

The current potential curves obtained during the HNO, reduction on Cu electrodes at pH 1 are
displayed in Fig. II.7A. A clear HNO; reduction current can be observed from -0.26 V, the
current increasing linearly with the nitrite concentration. Duca and his co-workers' have
observed a high catalytic current on Cu electrode during the entire range (from -0.30 V to 0.20

V vs. RHE in 0.1 mol-L ™" HC1O4, 20 mV-s'l), earlier than in our measurement.

A general mechanism for the nitrite reduction at Cu cathode in acidic media could be
summarized according to the published works: "'
2HNO, - NO, + (NO) 445 + H,0
S5H* + 5~ — 5(H)qqs
(NO)gas + 5(H)gqs + H* » NH] + H,0

Interestingly, the shape of HNO, reduction current potential curves on Cu electrode is

significantly affected in the presence of POM in solution. First, in the presence of 1 mmol-L™'
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[SiW1,040]*, a small enhancement of the reduction current can be observed at -0.19 V. In

addition, a pronounced current peak emerging at -0.50 V vs. SCE (Fig. I1.7B). The comparison

of the current potential curves in Fig. II.7C reveals the enhancement by a factor 2 of the HNO,

reduction current in the presence of the POM. This result suggests that the Cu and the Keggin

POM can work in tandem for the HNO, reduction catalysis.

3.1.3 On Ag bulk electrode

1.0 1
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) o 7774)//
2 05 /' B 3 e
~ ~ - P 3
—_ = o
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—— 3mM NaNO, 6 ' —— [SiW,;0,5]* + 3 mM NaNO,
-2.0
0.7 -0.6 -0.5 -0.4 0.3 -0.2 -01 0.7 -05 -0.4 -0.3 -0.2 -0.1
E/V vs. SCE E/V vs. SCE
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Figure I1.8: A) Electrochemical reduction of HNO; on Ag electrode. B) Electrochemical reduction of HNO; in
the presence of 1 mmol-L™" [SiW,04]" on Ag electrode. C) Comparison of HNO; reduction with or without
[SiW1_7040]4' in solution. Buffer solution: pH 1 0.5 mol-L ! Na,SO, + HSO4, v=2m Vs,

On Ag electrode, a small reduction current of HNO, is observed in the potential range between

-0.20 V and -0.60 V, similar to the results obtained by Duca and co-worker’s work.' However,

the increase of current is too small to determine the onset potential.

Interestingly in the presence of [SiW1204o]4', the HNO, reduction current is significantly

increased. Two HNO; reduction waves at -0.25 V and -0.45 V vs. SCE can be clearly observed
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at the potential of the POM’s redox waves. The catalytic onset potential is around -0.18 V for
Al=0.5 pA.

3.2 Reduction of NO, in pH 5 medium with or without [SiW,04]"

3.2.1 On GC electrode

2 0.5
B)
0 1 0.0 1
22 4 -0.5
R 5
= 4. = 10
‘:",s" —— with [SW,,0 5" —— with [SW,;0,,]*
4 1 lf —— with [SW,,0,,]*+1 mMNaNO, -1.5 4 —— with [SW,,0,,]" + 1 mM NaNO,
f —— with [SW ,0,5]* + 3 mMNaNO, —— with [SIW,,0,,]* + 3 mM NaNO,
-8 : ; - . . - 20 . . . . :
12 10 08 -06 -04 -02 00 02 -1.0 -0.8 -06 -0.4 -0.2 0.0
E/V vs. SCE E/Vvs. SCE

Figure I11.9: A) Electrochemical reduction of NO; in the presence of 0.1 mmol-L ! [S[W1304()]4' on GC electrode.
B) Magnification of A to highlight the onset of the catalysis. Buffer solution: pH 5 1 mol-L”" CH;COOLi +
CH;COOH, v =2 mV-s™.

The current intensity decreases at pH 5 than that at pH 1. The catalysis occurs from -0.48 V at

VIV reduction in the presence of 3 mmol-L ™" [SiW,040]" (see Fig. I1.9B).

VI/V

the second wave of W
However, the nitrite reduction current is further enhanced at the W' " reduction wave involving
proton transfer (the third wave). The following mechanism was suggested by Dong and his co-
workers:’

SiW/IwVoiy + NOy + nH* = Siw/ 045 + "product(s)"

The condition AI = 0.5 pA can be only reached at the third reduction wave around -0.94 V.
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3.2.2 On Cu bulk electrode
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Figure 11.10: A) Electrochemical reduction of NO; on Cu electrode. B) Electrochemical reduction of NO; in the
presence of 0.1 mmol-L ! [SiW1204()]4' on Cu electrode. C) Comparison of NO; reduction with or without
[SiW,04]" in solution. D) Magnification of C between -6 to 2 uA. Buffer solution: pH 5 1 mol-L”' CH;COOLi
+ CH;COOH, v =2mV.s".

The potential of NO;" reduction is shifted toward more negative potential when pH increases,
the onset of the reduction being at -0.66 V on Cu electrode at pH 5 in the absence of POMs

(Figure I1.10A). According to previous works, the reduction of nitrite can be presented below:'
NO; + 4H,0 + 4e~ - NH,0H + 50H~

Contrary to the pH 1 solution, in the presence of POMs, the NO; reduction current on Cu
electrode is enhanced only in a narrow potential region, around -0.48 V, close to the W"'
reduction (Fig. I1.10D). At potential below -0.65 V, the NO, reduction current is inhibited in
the presence of POM in comparison to the reduction on Cu electrode alone. At this stage, the
reasons for such inhibition are still unclear. One of the possible explanation is that the adsorbed
POM hinders the access of the NO,™ to the Cu surface. Since the current potential curves are
almost independent on the mass transport, a Tafel analysis can be performed with a high

concentration of NO, (30 mmol-L™", in order to avoid the limitation by the material transport
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due to the presence of excess of nitrite). For this concentration, the nitrite reduction current on
Cu is almost the same in the presence and in the absence of POM in a potential range between
-0.45 V and -0.57 V and the Tafel slope is approximately of 305 mV/decade. However, below
-0.57 V vs. SCE, the Tafel slope of the nitrite reduction on the Cu electrode in the presence of
POM increases to ca. 370 mV/decade, while it is only of 200 mV/decade in the absence of POM
in solution (see in Fig. I1.11). This reveals that the interaction of the POM with the Cu surface
is detrimental to the catalytic activity for 30 mmol-L™' NO, solution in this potential range

since a higher overpotential has to be applied to obtain the same NO," reduction current value.

0.8

—— Cu
Cu+POM

10 "\ 200 mV/decade

1.2

370 mV/decade 305 mV/decade

Log /J/

-1.4

-1.6

-1.8 T T T T T
070 -065 -060 -055 -050 -045 -0.40

E/V vs. SCE

Figure II.11: Tafel plot for 30 mmol-L™" NO reduction on Cu bulk electrode in pH 5 1 mol-L”' CH;COOLi +
CH;COOH,v=2m Vsl

3.2.3 On Ag bulk electrode

Contrary to the results obtained in pH 1 medium, nitrite can only be reduced in the potential
range where hydrogen evolution takes place on Ag surface at pH 5. The catalytic onset potential

is defined at -0.83 V (see Fig. II.12A).

In the presence of POM in solution, a slightly higher reduction current is observed. This is not
surprising since our results suggested that the reduction of [SiW1,04]" is demonstrated
difficult to reduce on Ag bulk electrode at pH 5. It has to note that the increase of current is too

small for determining the onset potential of nitrite reduction in the presence of POM (see Fig.

1.12B).
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Figure I1.12: A) Electrochemical reduction of NO; on Ag electrode. B) Electrochemical reduction of NO; in the
presence of 0.1 mmol-L™" [SiW,,0,9]" on Ag electrode. C) Comparison of NO5 reduction with or without
[SiW1204(;]4' in solution. Buffer solution: pH 5 1 mol-L ! CH;COOLi + CH;COOH, v=2m Vs,

3.3 Comparison of catalytic onset potentials of nitrite (HNO, or NO;)
reduction on GC, Cu and Ag bulk electrodes

Electrode POM pH 1 pH 5
GC without no activity no activity
GC [SiW12040]" -0.21 -0.94
Cu without -0.26 -0.66
Cu [SiW2040]" -0.19 -0.62
Ag without * -0.83
Ag [SiW12040]" -0.18 *

*catalytic onset potential undefined due to the small catalytic current

Table I1.2: Catalytic onset potentials of HNO, or NO; reduction on different electrode surface in pH 1 0.5
mol-L™! Na,SO, + H,SO, solution or in pH 5 1 mol-L ! CH;COOLi + CH3COOH solution.

Metal surfaces are generally more active towards nitrite reduction and copper bulk electrode is

more active than silver bulk electrode in both solutions. In pH 1 solution, the catalytic onset
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potentials on Cu or Ag electrode advanced to nearly the same potential after adding POM

showing a significant effect of POM towards nitrite reduction.

Nitrite ions are more difficult to be reduced in pH 5 solution than in pH 1 solution even in the
absence of POMs. It might be related to the fact that most of catalytic reductions consume H"
during reaction. At pH 5, silver has no considerable activity towards nitrite reduction before
hydrogen evolution, while Cu keeps its reactivity. After adding POM, a small advance of

potential is observed on Cu electrode.

2 2
A) 0.1 mM SiW,,0,,* + 1 mM NaNO, B) 0.1 mM SW ;0 5* + 1 mM NaNO,
| , /.——=-F— e
2 21
4
= = 5
6 pHS5
8 |
— GC — GC
-8 1 — Cu 10 | Cu
Ag Ag
-10 T T T T -12 T T T T T
0.8 0.6 04 0.2 0.0 -1.0 -0.8 -06 -04 -0.2 0.0
E/Vvs SCE E/Vvs SCE

Figure II.13: Reduction of 1 mmol-L™' NaNO; in the presence of 0.1 mmol-L™" [SiW,,04]" on GC, Cu and Ag

electrodes, v =2m Vs,

Nitrite reductions with 0.1 mmol-L™" [SiW,04]" on GC, Cu and Ag electrodes in the
presence of the same quantity of NaNO, (1 mmol-L™") have been studied and are shown in Fig.
I1.13. In pH 1 solution, a catalytic current of HNO, reduction is observed at the first wave of
POM (-0.24 V). Interestingly, the reduction current occurs at the same potential (-0.24 V) and
has the same value whatever the electrode, GC, Cu or Ag. This reveals that the catalysis is only
due to the POM at this potential. In contrast, the catalytic current at the second reduction wave
of the POM (ca. -0.47 V) is strongly affected by the nature of the electrode. While GC and Ag
electrodes show the same catalytic properties in the presence of [SiW1,040]", a large reduction
peak is observed at -0.47 V on Cu bulk electrode confirming a synergy between the POM and
Cu surface. Finally, in the presence of POM, the Ag electrode exhibits a better reduction current

than the GC electrode only below -0.60 V.
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At pH 5, a higher catalytic current is observed on metal surfaces after the second W'"¥

reduction wave. The current intensity is two times higher on Cu electrode than on Ag electrode,

which is better than GC in the presence of POM.

4 Reduction of NOj in the presence of POM on Cu or Ag bulk
electrode

4.1 Reduction of NO;™ in pH 1 medium with or without [SiW12040]4'

4.1.1 On GC electrode

05
0.0 1 ——
05 | ﬁ__//

< 10 ]

—

= 15
2.0 - —— with [SiW ;0]
25 | —— with [SiW,,0,,]* + 1 mMNaNO,
- with [SIW,,0,,]* + 3 mM NaNO,
-3.0

10 08 -06 -04 02 0.0 0.2
E/Vvs. SCE

Figure I1.14: Electrochemical reduction of NOj in the presence of 0.1 mmol-L ! [Si W,204()]4' on GC electrode.
Buffer solution: pH 1 0.5 mol-L [Na2S04 + HSO, v=2m Vst

Nitrate reduction on GC electrode in the presence of [SiW 2040]" in pH 1 solution is shown in

Fig. I1.14. There is no change observed in the measured potential range showing no catalytic

effect of the POM as well as the GC electrode.
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4.1.2 On Cu bulk electrode
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Figure I1.15: A) Electrochemical reduction of NO3 on Cu electrode. B) Electrochemical reduction of NOj in the
presence of 0.1 mmol-L LISiW1,040]" on Cu electrode. C) Comparison of NOj3 reduction with or without
[SiW1304()]4' in solution. Buffer solution: pH 1 0.5 mol-L ! Na)SO, + HSO4, v=2m Vs,

On Cu electrode, the catalytic reduction of NOj3™ begins around -0.63 V, about 0.37 V more
negative than that for nitrite reduction, in agreement with other published work."> However,
Dima and co-workers reported an onset of the reduction at -0.10 V vs. SCE in 0.5 mol-L™
H,SO, with a higher NO3™ concentration (0.1 mol-L™", at 20 mV-s™)."* The difference in the
onset potential can be attributed to the different concentrations of NOj ions in the solution and
nitrate reduction is also known to be sensitive to the state of Cu surface. The first step of
reduction of NO5 in acidic media on Cu electrode is considerate as:'

NO3 + 2H* + 2e~ - NO; + H,0

After adding [SiW1,040]", the nitrate reduction catalytic wave is significantly shifted toward
more positive potential with a higher intensity of current. Between -0.52 V to -0.42 V, Tafel
plot confirmed a better activity with [SiW2040]" in solution, with a slope of 105 mV/decade.
This reveals that the interaction of the [SiW2040]* with the Cu surface is helpful to the catalytic
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activity for 30 mmol-L ™' NO, solution in this potential range since a lower overpotential has

to be applied to obtain the same NO, reduction current value measured in the absence of POM.
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Figure IL.16: Tafel plot for 30 mmol-L™" NOj reduction on Cu bulk electrode in pH 1 0.5 mol-L™" Na,SO, +
H>SO solution, v=2m Vs,
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Figure I1.17: A) Electrochemical reduction of NOs on Ag electrode. B) Electrochemical reduction of NOj in the
presence of 0.1 mmol-L™" [SiW,,0,9]" on Ag electrode. C) Comparison of NOs™ reduction with or without
[SiW12040]4' in solution. Buffer solution: pH 1 0.5 mol-L ! Na,SO,; + HSO4 v =2 mV-s.
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On Ag electrode, the nitrate reduction activity is relatively low, a small increase of current being
observed after -0.60 V (2 mV-s™), superimposed with H, evolution. The onset finding is -0.30
V later than that observed by Dima and co-workers in 0.5 mol-L ™' H,SO, + 0.1 mol-L ™' NaNO;
at 20 mV-s™' 14 With the presence of [SiW1204o]4', the catalysis advanced to -0.57 V and with a

more significant current measured.

4.2 Reduction of NO;™ in pH 5 medium with or without [SiW12040]4'

4.2.1 On GC bulk electrode

1.0
0.5 1
0.0 1

< -0.5 1
= 10

15 ] ' —— wiith [SIW,,0,,]*
—— with [SIW,,0,,]* + 1 mMNaNO,
[ with [SIW,,0,,]* + 3 mM NaNO,
2.5 T T T r T T
12 10 -08 -06 -04 02 00 02

E/Vvs. SCE

20

Figure I1.18: Electrochemical reduction of NOj in the presence of 0.1 mmol-L™ [S[W1204(,]4' on GC electrode.
Buffer solution: pH 5 1 mol-L™" CH;COOLi + CH;COOH, v =2 mV-s"

As in pH 1 solution, no catalytic current is observed on GC electrode in the presence of only

0.1 mmol-L* [SiW1204o]4', as shown in Fig. 11.18.

4.2.2 On Cu bulk electrode

On Cu electrode at pH 5, the nitrate reduction starts at -0.74 V. The mechanism can be described
as:

NO; + H,0 + 2e~ — NO3 + 20H"
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In the presence of [SiW,040]", the reduction starts earlier at -0.70 V, a significant catalytic
current increase is observed in the presence of POM. For this system, the Tafel analysis could

not be performed because this reduction is superimposed with hydrogen reduction.

A B
NES o|B
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-10 4
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= = =20
Cu electrode
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1 mM NaNO .30 [SiW,,0,4]
= AR —— [SIW,,0,]* + 1 mM NaNO,
—— 3mM NaNO, s T
—— [SiW,;0,4]" +3 mM NaNO,
-30 - T T - -40 T T r -
-1.0 08 06 04 0.2 -1.0 -0.8 -06 -04 -0.2
E/Vvs. SCE E/Vvs. SCE
0
-10
=3 20 éfi’
ktl’ —— Cu electrode
— [SIW,,0,]*
-30 : -
—— [SiW,,0,,]" + 3 mM NaNO,
, —— 3mMNaNO,
-40 T T T
-1.0 -0.8 06 04 02
E/Vyvs. SCE

Figure I1.19: A) Electrochemical reduction of NOs; on Cu electrode. B) Electrochemical reduction of NO53 in the
presence of 0.1 mmol-L ! [SiW1204()]4' on Cu electrode. C) Comparison of NOj reduction with or without
[SiW1204(;]4' in solution. Buffer solution: pH 5 I mol-L ! CH;COOLi + CH;COOH, v =2m Vs,

4.2.3 On Ag bulk electrode

As in the case of the Cu electrode, the nitrate reduction concomitant to the hydrogen evolution
on Ag surface. After adding [SiW12040]", WYY reductions are well-defined but no catalytic
effect is observed. Thus, there is no tandem catalysis between the POM and the silver electrode

for the nitrate reduction at pH 5.
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Figure I1.20: A) Electrochemical reduction of NOs on Ag electrode. B) Electrochemical reduction of NOj in the
presence of 0.1 mmol-L™" [SiW,,0,9]" on Ag electrode. C) Comparison of NOs™ reduction with or without
[SiW1204()]4' in solution. Buffer solution: pH 5 I mol-L ! CH;COOLi + CH;COOH, v=2m Vs

The catalytic onset potentials of NO;™ reduction are summarized on table below:

Electrode POM pH 1 pH 5
Cu without -0.63 -0.74
Cu [SiW2040]" -0.52 -0.70
Ag without * -0.83
Ag [SiW2040]" -0.57 no activity

*catalytic onset potential undefined due to the small catalytic current

Table II.3: Catalytic onset potentials of NOs reduction on different electrode surfaces, v =2 mV-s".

GC electrode and POM [SiW2040]" have no activity toward nitrate reduction. Hence, the
presence of metal surface is a necessary condition for nitrate catalysis. In both solutions, nitrate

is reduced at more positive potential on Cu electrode than on Ag electrode.
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5
A) 0.1 mM SiW,,0,,* + 1 mMMNaNO, B) 0.1 mM SiW,,0,," + 1 mM NaNO,
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Figure I1.21: Reduction of 1 mmol-L™' NaNOj in the presence of 0.1 mmol-L™" [SiW ;04" on GC, Cu and Ag
electrodes, v =2m Vs,

Nitrate reductions in the presence of 0.1 mmol-L™" [SiW,04]" on GC, Cu and Ag
electrodes in with the same quantity of NaNO; (1 mmol-L™") have been studied and are shown
in Fig. I1.21. In pH 1 solution, the catalytic current is observed between -0.45 V and -0.55 V
and increases on Cu and Ag electrodes compared to GC. As for the nitrite reduction, the highest

activity is obtained with Cu electrode.

Cu bulk electrode shows also the best activity in pH 5 solution, the catalytic current being five

times higher than on Ag electrode.

5 Conclusion

In this chapter, the occurrence of a tandem catalysis between POM and silver or copper bulk
electrodes was investigated for nitrite and nitrate reductions as a function of the pH of the
solution. Based on electrochemical studies, POM [SiW,040]" are adsorbed on Cu and Ag
surfaces even for as low as potential -0.50 V vs. SCE in pH 1 solution and in pH 5 solution. In
contrast, the POM reduction is diffusion-controlled with GC electrode in this potential range.
Hence the interactions between POM and electrode surfaces affect its electrochemical

properties.

Clean GC electrode is not active for nitrite reduction, while catalytic reduction can be observed
on both Cu and Ag bulk electrodes. Cu bulk electrode shows a better activity than Ag bulk

electrode with smaller reaction overpotential and higher catalytic current especially at pH 1. A
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significant positive shift of the catalytic onset potentials and an increase of reduction currents
are observed on these three bulk electrodes after adding POM [SiW,040]" into the solution. A
synergy between Cu and POM is observed in the potential range between -0.40 V and -0.57 V
vs. SCE in pH 1 solution.

In contrast, [SiW1,040]* on GC electrode cannot catalyze the nitrate reduction, but the presence
of POM in solution results in an increased activity of the Cu and Ag bulk electrodes. This is
attributed to the occurrence of a tandem catalysis between the POM and the copper electrode
which takes place at pH 1 and pH 5. However, the synergy in the catalysis between POM and
silver electrode, could be evidenced only in pH 1. For all the systems investigated in this chapter,

nitrate was found to be reduced at more negative potential than nitrite.

As POM has a positive effect on the NOy reduction on GC, Cu and Ag electrodes in both pH 1
and pH 5 solutions, the preparation, characterization and catalytic properties of different types
of POMs associated to Cu/Ag nanoparticles will be presented in the following chapters in order

to understand the main factors influencing the efficiency of these catalysts for NOy reduction.
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Chapter III Electrochemical and
electrocatalytic properties of Cu-substituted

polyoxometalate/alendronate

1 Introduction

In addition to the catalytic activity of metallic Cu electrode for the reduction of NOy, it was

found that Cu-substituted POMs possess also significant activity.

Non-substituted POMs such as [SiW204]" are known to be active for nitrite reduction in
acidic media as described in chapter II. In contrast, only few transition-metal-ion-substituted
POM; possess an activity for nitrate reduction. Most of them are Cu- or Ni-substituted POMs, >
except for a few of Fe-substituted POMs. Ammam and his co-workers® have reported NOy
reduction by a Ni- and Fe-substituted sandwich-type POM [Ni',(Fe™),(PaW50s6)2]'* in pH 3
(0.5 mol-L™' Na,SO4+ H,SO,4) and pH 5 (1 mol-L"' CH;COOLi + CH;COOH) solutions. The
onset of the reduction takes place at the last reduction wave of the POMs (-0.85 V vs. SCE at
pH 3 and -0.94 V vs. SCE at pH 5).” Keita and his co-workers have compared the catalytic
activities ~ of = mono-substituted  derivatives ~ with  its  sandwich  complex
[{Cu(H20)},Cux(HsAsW, 5)2]'*, which is the first example of a nitrate reduction on sandwich-
type complex.” They concluded that the catalytic efficiency increases with the number of active
metal centers in structure.” More details and other examples have been discussed in the Chapter
I part 3. Among these results, Cu-substituted POMs possess the best reactivity towards nitrate

reduction. Unfortunately, the mechanism as well as the product of the reduction remain unclear.

The elaboration of metal-substituted POMs functionalized by exogenous ligands may permit to
adjust the properties of POM.” Alendronate (Ale=[H,O3PC(C3HsNH,(OH)PO;H,)]) ligand-
functionalized POMs have been demonstrated to be stable in water due to the chelating ability
of the bisphosphonates (Bps) entities.® An alendronate Ni-substituted o OH
POM  Nay[A-PWy034]- 7H20.NasK;[ {(B-PW9034)Ni3(OH)(H,0),- P-OH
O3;PC(0O)C3HgNH3)PO3]},Ni]-34H,0O was already reported being el /\/C:F.’F‘g:
active towards nitrate reduction at pH 6 (1 mol-L"! CH;COOLi +

OH
CH;COOH).’

Alendronate (Ale)
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In this chapter, the electrochemical and electrocatalytic properties of three Cu-substituted
POMs have been investigated in order to identify the main factors which influence the activity.
The electrochemical properties of Cu-substituted POMs in solution have been investigated by
Cyclic Voltammetry (CV), potentiostatic coulometry and Electrochemical Quartz Crystal
Microbalance (EQCM). The morphology of modified electrode has been studied by Atomic-
Force Microscopy (AFM). The catalytic properties towards NOy were studied in two different
aqueous solutions of pH 5 (1 mol-L™' CH;COOLi + CH;COOH) and pH 1 (0.5 mol-L™' Na,;SOy
+ H,SO4) respectively.

The influence of the presence of Cu complex [Cus(Ale)s(H,0)s]* (CuAle) with ligand
alendronate (Ale) grafted to CuPOMs entities will be explored. In this case, the catalysts are
composed two types of Cu ions: one type of Cu is encapsulated in POMs units and the other Cu
ions are coordinated by alendronate ligands. The properties of these three compounds are
studied and compared with the corresponding CuPOMs as well as their catalytic properties

towards NOsy.
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2 Structure and characterization

2.1 Synthesis and structure of the CuPOMs

Six compounds have been investigated in this chapter (Fig. III.1). They were synthesized in
collaboration with Prof. Pierre Mialane and DR. Anne Dolbecq, Institut Lavoisier, UMR 8180,

. ., . . . . 8.9.
Université Versailles Saint-Quentin en Yvelines.™

SiW,Cu, Sb,W,5Cu, Complexe Cu/Alendronate

P,W,sCuAle SiW4CuAle SbW,CuAle

Figure I1l.1: Representation of various structures of Cu-substituted polyoxometalates and Cu complex
synthesized from the Cu ions and Alendronate ligand (Ale) (Reproduced from reference 8. Copyright (2017)
American Chemical Society).

2.1.1 Synthesis

The three POMSs units Na;o[ A-a-SiWeOs34] xH,0 (SiWo),' Najs[a-PoW15056] - 24H,0 (P, W 5)™°
and Nag[a-SbWoO13]-19.5H,0 (SbWo)'" are synthesized according to the reported procedures.
More details concerning the synthesis and the characterization can be found in references 10

and 11.

To synthesize Cu-substituted POMs (CuPOMs): Najs[Cus(H20)2(P2W50s6)2]-50H,0
(P2Wi5Cuy), NaK4[(A-B-SiWo034)Cus(OH)3(H20)(H3N(CH);CO0)1]3-18H,0  (SiWoCuy)
and K 2[(SbW¢0O33)2{Cu(H20)}3]-41H,0 (Sh,W;5Cus), the corresponding POM unit is mixed
with a copper salt (CuCl,2H,0) in water. The pH is adjusted to an interval between 7 to 8. The
solution is boiled for 30 minutes. After cooling the solution to room temperature, potassium
chloride is added to form a green precipitate. The powder is obtained by filtration and washed

with water, ethanol, ether and then crystallized after redissolution in water at room temperature.
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For CuPOM/Ale compounds, Najz[ {SiW9O34Cus(Ale)(H20)} {Cue(OsPC(O)(C3H¢NH3)PO3)4-
(H20)4}]-50H,0 (SiWoCuAle) and Nay[ {(P2W15056)2Cus(H20),} {Cus(OsPC(O)(CsHeNH3)-
PO3)4(H20)4}1-50H,0 (P, W 5CuAle) are obtained by co-crystallization of the corresponding
POM unit (SiWy and P, W5 respectively), CuCl, and alendronic acid from a solution at pH 7.5.

Green needle crystals are obtained after one week at room temperature.

To fOI‘l’l’l NagLizg[ {(SbW9033)2CH3(H20)2_5C10_5 } 2 {Cu6(O3PC(O)(C3H6NH3)PO3)4(H20)4} 3]-
163H,0 (SbWyCuAle), SbWy, CuCl, and alendronic acid are mixed in water at room
temperature, the pH is adjusted to 8. NaCl is necessary to form a precipitate. After re-

crystallization in a 1 mol-L™' LiCl, green needle crystals are obtained after one week.

The samples collected are washed by ethanol and ether, then characterized by X-ray diffraction

and infrared spectroscopy (IR), the results can be found in reference 8.

2.1.2 Structure

Cu complex [Cug(Ale)s(H,0)4]* (CuAle) contains two {Cua(Ale)a(H20),} pairs where all the
Cu atoms are in square pyramidal distorted environment. These two pairs are connected by two
Cu centers via eight O-P-O bridges leading to a cyclic hexanuclear species. The coordination
of one Cu" ion of each {Cua(Ale)2(H20),} pairs is completed by a terminal water molecular
and the other one is connected to a terminal O=W oxygen atom of the {Ws} crown of the POM

entity.

In , a {Cuy(OH)3(H,0)(HsN(CH,);COQ),} tetranuclear cluster covers the SiWy
precursor, all the 3d centers are hexacoordinated and the fourth, apical Cu' center is
pentacoordinated because of the strong Jahn-Teller effect. Two amino acid are connected to

POM and they are protonated in consonance with the pK, value of primary amino groups.’

In SiWyCuAle, the 3d metal cations fill the vacancies of the SiWy precursor, forming a
pseudoisoscale triangle. Each Cu center is connecting to three O atoms of the silicotungstate
ligand. An alendronate ligand covers the SiWoCu; fragment, connecting two copper ions via
one O-P-O bridge. Each terminal O=W of the {Ws} crown of the SiWyCuj; is connected to one
Cu atom of {Cu,(Ale),(H20),} pair, forming a -POM-{Cug¢}-POM-{Cus}- chain.
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In , three Cu atoms sandwiched between two SbWy units, which are connected by
a O-W-0O-W-O bridge. Similar to SiWyCuAle, in SbWyCuAle, two Cu centers of each
[Cue(Ale)s(H,0)4]* cluster are connected to O=W of the {Ws} crown of the POM, forming a
-POM-{Cus}-POM-{Cug},-POM- chain. The POM/[Cus(Ale)s(H,0)]" cluster ratio for
SiWoCuAle is 1:1 and 2:3 for SbWoCuAle.

The third Cu-substituted POM P, W 5Cuy is described as a rhomb-like tetranuclear Cu cluster
sandwiched between two sub units P, W s, followed by a [Cus(Ale)s(H,0)4]* complex. In the
solid state, P, W 5CuAle is formed by connecting P, W;5Cu4 to [Cug(Ale)s(H,0)4]" cluster via
O atoms which belongs to the {W3} of the Dawson units, forming a -POM-{Cus}-POM-{Cus}-
one-dimensional chain. The POM/[Cug(Ale)s(H,0)4]* cluster ratio is 1:1.°

2.2 Magnetic properties

In the recent years, POMs are considered as good models for magnetic investigations.’
Compared to other coordination compounds, POMs present some advantages: the preservation
of integrity structure in the solid state, in solutions and on surfaces; the ability to accept various
electrons while keeping their structure intact and the possibility of receiving magnetic ions or
groups of magnetic ions, leading to the formation of magnetic molecules and large magnetic

5
clusters.

The magnetism of SiWyCuAle and SbWyCuAle were studied by Eric Rivicre, Institut de
Chimie Moléculaire et des Matériaux d’Orsay, University of Paris-sud. The magnetic

8
measurements were performed on powder sample at room temperature.

Both ferromagnetic and anti-ferromagnetic magnetic interactions are found in
[Cug(Ale)s(H,0)4]" cluster. In SbWoCuAle, two units are considered as
magnetically equivalent to the three [Cus(Ale)s(H,0)s]* clusters. The magnetic behavior of
SiWyCuAle shows a strong anti-ferromagnetic interaction because of the presence of SiWoCus

fragment.®
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2.3 Cyclic voltammetry

Electrochemical measurement was carried out at room temperature under argon atmosphere. A
three-electrode system was used with a glassy carbon (GC, Tokai Japan) electrode as the
working electrode. A platinum wire was used as auxiliary electrode and the reference electrode
was the saturated calomel electrode (SCE), which was electrically connected to the solution by
a junction bridge filled with electrolyte. All reagents were used as purchased without further
purification. The buffer solution was prepared from the following solutions of pH 1 (0.5 mol-L

' Na;SO,4 + H2S04) and pH 5 (1 mol-L™ CH;COOLi + CH;COOH).

In pH 1 solution, the high concentration of H" in the solution is profitable to the NO, reduction
which consumes protons. However, lacunary species of POMs are unstable in strongly acidic
media. During the electrodeposition of Cu’ on electrode surface, the POMs entities might be
released in the solution or remains adsorbed on the electrode surface. The lacunary species are

relatively stable in the solution at pH 5 and detectable by cyclic voltammetry.

For all compounds, the oxidation and reduction of the Cu species can be observed in the CVs.
The case of P,W;sCuAle is shown in Fig. III.2 as an example. In pH 1 solution, a large
reduction wave is observed at -0.10 V, corresponds to the reduction of Cu" to Cu” (waves I and
IT). The formation of Cu’ continues below this potential during the cathodic and the anodic
scans and Cu’ re-oxidize at 0.01 V on the anodic scan. Several small redox waves are also
observed between -0.20 V and -0.40 V. A magnification of the small waves is shown in the
inset of Fig. IIL.2A. These waves are attributed to the reduction of W"' to W" of POMs.

Hydrogen evolution is observed after -0.50 V, just after the second W*"¥ reduction wave.
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Figure l11.2: A) CV of 0.1 mmol-L P,W;sCudle in pH 1 0.5 mol-L”! Na>SO, + H>SO, solution, v =2m Vs
(Inset) Magnification of A to highlight the presence of the voltammetric characteristics of the POM. B) CV of 0.1
mmol-L! P,W;sCudle in pH 5 1 mol-L’! CH;COOLi + CH3COOH solution, v=2m Vs *: Reoxidation peak of

the deposited Cu’ on electrode surface.

In pH 5 solution (Fig. II1.2B), two reduction waves are observed during the reduction of Cu" to
Cu’: Cu" + ¢ — Cu' at -0.14 V followed by Cu' + ¢ — Cu at -0.18 V. The observation of
these two waves suggests that the Cu'POM species might be stable in pH 5 aqueous solution. It
should be mentioned that the presence of acetate in the buffer solution might play a role in the
observation of these two waves since acetate ion can stabilize the Cu' complex.'* After the
second reduction (wave II), Cu’ is formed on the electrode surface. Therefore, the oxidation
peak (*) at -0.02 V vs. SCE corresponds to the oxidation of Cu’. The last reversible wave (waves
II) is attributed to the redox process of the W centers (W' /W" couple) at pH 5. Wave III is
followed immediately by the proton reduction. In order to study better the first wave Cu'" to Cu',
the potential scan was stopped just after this wave I as shown in Fig. III1.3A. The first reduction
wave (wave |) is reversible. Cathodic current shows a linear dependence to the square root of
the scan rate Vm, which indicates that the current is limited by the diffusion of P, W;sCuAle to

the electrode surface (Fig. [11.3B).

-T2 -



Chapter III Electrochemical and electrocatalytic properties of Cu-substituted polyoxometalate/alendronate

B)
4 1 A) 2 4
0 = 4 4
I e
4 6.
8 |
| -8 1 . ' ' _
-0.2 0.0 0.2 04 4 6 8 10
12 12 .-1/2
E/V vs. SCE Ve ImVits

Figure I11.3: A) Variation of scan rates of 0.1 mmol-L’! P,W;sCudleinpH 5 1 mol-L’! CH;COOLi + CH;COOH
solution (from inner to outer curve: 10, 20, 30, 40, 50, 60, 70, 80, 90, and 100 m V-s'j). The potential reversal is
fixed after Cu" to Cu' redox process. B) Variation of the cathodic peak current intensity as a function of the
square root of the scan rate.

The CVs of other compounds are presented in appendix (Figs. S1 - S7).

The redox potentials of CuPOMs and CuPOMs/Ale compounds in pH 1 and in pH 5 solutions
are listed in Table III.1 and Table IIL.2.

* LII I 10Y
Compounds cu” Cu™ w
Epa Ep. Ein Eip
P,W;sCuAle 0.01 -0.10 -0.24 -0.30
P,W;5Cuqy 0.02 -0.15 -0.24 -0.31
SiWoCuAle 0.00 -0.11 -0.52
pH 1 SiWoCuy 0.03 -0.15 -0.51
SbWyCuAle 0.05 -0.09
Sb,W5Cu; 0.03 -0.12 -0.44
CuSOq4 0.01 -0.17

Table I11.1: Reduction and re-oxidation peak potentials of each sample (0.1 mmol-L*) in pH 1 0.5 mol-L”
Na,SO,+ H,SO, solution. Reference electrode: SCE, v =2m Vs,
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* I 11 I v
Compounds cu” Cu Cu” wY
Ep. Eix Ep. Eix Eix
P,W,sCuAle -0.02 -0.14 -0.18 -0.57
SiWyCuAle 0.02 -0.11 -0.16
PH 5
SbWyCuAle 0.03 -0.11 -0.16
CuSOq4 -0.02 -0.14 -0.24

Table II1.2: Reduction and re-oxidation peak potentials of each sample (0.1 mmol-L') in pH 5 1 mol-L™
CH;COOLi + CH;COOH solution. Reference electrode: SCE, v =2 m Vs,

In pH 1 solution, the Cu""POM reduction occurs at slightly higher potential that the one of
CuSOy, which might be tentatively attributed to the formation of an intermediate Cu'POM
species. It can be also noted that, Cu" is reduced at more positive potential at pH 1 than at pH

5 with an anodic shift between 0 and 30 mV compared to the potential of the cu™

couple. The
shift can be caused by the change of the buffer solution causing different junction potentials.
Another possible explanation is the influence of the pK, of the aqua Cu(II) center (Cu"—OH,)
which can be easily deprotonated, giving the hydroxo forms Cu(II) centers (Cu"—OH) when the

pH increases which may affect slightly the redox potential."

At pH 1, the first redox wave of
W (WY/W" couple) is observed at nearly the same potential for SiWoCuAle/ or
P,W5CuAle/ . In the case of SbWoCuAle, the WYUWY reversible waves are not

observable, while one reduction wave is observed at -0.44 V for

In pH 5 solution, all compounds show similar redox behaviors with two successive reduction
waves associated to the reduction of Cu'' to Cu' and Cu' to Cu’. On the reverse potential scan,
a large oxidation wave is observed, which corresponds to the re-oxidation of deposited Cu’. For
the first couple, Cu"/Cu', the cathodic peak current is proportional to the square root of the scan
rate, which indicates that the electrochemical processes are diffusion-controlled. The first redox
wave of W (W"/W" couple) in P,W;sCuAle is observed at nearly the same potential as

. In the case of SbWyCuAle and SiWsCuAle, the WY/W" reversible waves are not
observable, while two ill-defined waves are observed at -0.59 V and -0.81 V for

and only one wave at -0.84 V for . Generally, Cu" centers in CuPOM/Ale are reduced
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earlier than the ones encapsulated in CuPOM, indicating that Cu ions complexed by Ale ligands

are easier to reduce.

In both solutions, W-centers in CuPOM/Ale are generally ill-defined or not detectable, due to
the high sum of Cu ions led to more electron transferred. Hence, the reduction of W centers

tends to be engulfed into the former Cu reduction.

2.4 Controlled-potential coulometry

Controlled-potential coulometry measurements were performed at a potential just below the

1/0

peak potential of the second reduction process of Cu (Cu”” couple, wave II) and after wave I

"1 in order to evaluate the number of electron transferred per Cu" species.

(couple Cu
The illustration of a controlled-potential coulometric analysis is shown in Fig. II1.4. Integration
of the area, which is shown in pink, from t = 0 to t = t. will give the total charge during the

analysis.

|/ pA

-80

T T T T T
0 10000 20000 20000 40000 50000 80000

Time / seconds

Figure I11.4: Example of controlled-potential coulometry measurement. The black curve is the measured current,
the integrated area from t = 0 to t = t, which is shown in , is the total charge. The background current is
suppressed.

The charge can also be calculated based on Faraday’s law, which can be written as:
Q=n'"- (T) -F
M
n’: number of the electrons transferred, n’ = 2n in which n is the sum of Cu ions in the structure
(2 being the number of exchanged electrons per Cu atom),
m: mass of the substance (g),

M: molar mass of the substance (g/mol),
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F: Faraday constant (96485 C/mol).

The calculated charge and the measured charges of each substance are summarized in Table I11.3.
For an example, in the presence of 0.1 mmol-L™" P,W;sCuAle, 18.7 electrons per molecule are
exchanged, which proves the reduction of all the ten Cu" centers to Cu” (10X 2e” per Cu'"). The
presence of electrodeposited Cu’ is also confirmed by the black deposit visible on the electrode
surface. Similar results are observed for other compounds, indicating that all the Cu"' centers
were reduced to Cu”. The formation of the Cu” nanoparticles on the working electrode could be

evidenced by AFM and EQCM, the results are presented in sections 2.5 and 2.6.

At the present stage, the characterization of the Cu” nanoparticles by other techniques, such as
in-situ Transmission Electron Microscopy (in-situ TEM) and X-ray Photoelectron

Spectroscopy (XPS), are also envisaged.

Number of Calculated Q | Measured Q | Number of electron
Cu(II) atoms (O) (O) (per molecule)

P,W,sCuAle 10 1.54 1.44 18.7
4 0.62 0.67 8.7

SiWyCuAle 9 1.39 1.41 18.3
4 0.62 0.63 8.2

SbWyCuAle 24 3.71 3.80 49.3
3 0.46 0.48 6.2

CuSOq4 1 0.15 0.16 2.1

Table I11.3: Controlled potential coulometry at the potential just below the peak potential of the second
reduction process of Cu (after wave I and below wave Il). The initial concentration is identical for each sample
is 0.1 mmol-L and the buffer solution is pH 5 1 mol-L” CH;COOLi + CH;COOH.

2.5 Atomic-Force Microscopy (AFM)

The morphology of deposited Cu’ films are characterized by tapping mode AFM. The
deposition is carried out from an acetate solution (pH 5) in absence of oxygen with different

deposition times on ITO electrode.
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Figure IIL.5: (Top) Tapping mode AFM topography of 0.1 mmol-L™" SiWsCuAle obtained at potential -0.9 V vs.
SCE with different deposition times: 5 minutes and 30 minutes. (Bottom) Photos of ITO electrode with different
deposition times: clean ITO electrode (0 minute), 1, 5 and 30 minutes in the presence of 0.1 mmol-L™
SiWyCudle. Buffer solution: pH 5 1 mol-L” CH;COOLi + CH;COOH solution.

After a 5-minutes deposition in SiWyCuAle containing solution, particles with an average
diameter of 50 nm and a height of 12 nm appear on the ITO electrode. The rms surface
roughness of the film is 4.7 nm for 1 um” area. The film grows with deposition time. After 30
minutes, the film gets thicker and the particles are more compact. The diameter does not change
but the height increases to 20 nm. The rms surface roughness of the film increases to 7.8 nm

for 1 pm” area.

Similar morphologies are obtained for other CuPOMs and CuPOMs/Ale compounds, but with
an average diameter of 50 - 100 nm. The deposited film formed from CuSQO4 was not studied
in this work. According to the published works, the size of deposited Cu’ from CuSQy is 450 -
600 nm, much larger compared to the size of deposited Cu’ particles from whatever Cu-

substituted POM in this work."

The photos of ITO electrode with different deposition times are shown in Fig. II1.5, a change

of color is observed and the colors becomes darker with deposition time.
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2.6 Electrochemical Quartz Crystal Microbalance (EQCM)

The results of Electrochemical Quartz Crystal Microbalance (EQCM) studies were obtained in
pH 5 1 mol-L"" CH;COOLi + CH3;COOH solution. The working electrode is an EQCM
resonator which is carbon deposited on a 9.08 MHz AT-cut quartz crystal (A = 0.2 cm®). An

Ag wire is used as a reference electrode. The counter electrode is a platinum wire.

The cyclic voltammograms obtained by using this EQCM resonator as working electrode are
qualitatively similar with that obtained on a glassy carbon electrode, except for and
CuSO0y, for which the two Cu reduction waves are not well distinguished as shown in Fig. IIL.6.
The mass increases, provoked by the Cu and POM deposition on the electrode, is associated to
the decrease of the frequency, allowing to determine precisely the potential below which the
formation of Cu nanoparticles occurs (see. Table II1.4). This decrease of the frequency is
detected just at the second reduction wave (couple Cu”") while no deposition is observed at the

/1

first wave (couple Cu'"), showing that even at the slow scan rate of 2 mV-s', no

disproportionation of Cu' given Cu’ and Cu" occurs during the cathodic scan.

On the reverse scan, the oxidation Cu’ leads to an abrupt decrease of the mass. Generally, the
mass starts to decrease (with the increase of the frequency) at -0.30 V where Cu oxidation starts.
The large oxidation wave is observed between -0.20 V to 0.00 V during re-oxidation scan,

characterizing the surface-adsorbed species.
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Figure I11.6: Cyclic voltammetry (black curve) and electrochemical quartz crystal microbalance (EQCM; red
curve) measurements for 0.1 mmol-L" samples in pH 5 1 mol-L"" CH;COOLi + CH;COOH solution. v =2 mV-s
! Blue line: the onset potential of the deposition of Cu nanoparticles (E ). Orange line: the end of the Cu
nanoparticles deposition at revers scan (Euq).

In the case of CuSQy4 and of the compounds P, W;sCuAle, SiWyCuAle and SbWyCuAle, the
deposition of Cu begins before -0.4 V (at the wave II), while for Cu-substituted POMs
(P2 Wi5Cuy, SiWoCuy, ShyWi3Cus), the onsets are 0.04 to 0.18 V later than the corresponding
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CuPOM/Ale (see Eqpnset Table. I11.4). The formation of electrodeposited Cu nanoparticles seems
to be easier in the presence of alendronate (Ale) than with POM alone. Finally, it should be
noted that for all investigated compounds, the Cu deposition process monitored by cyclic
voltammetry and EQCM continues during the positive going scan and ends at a potential value
slightly higher than the one of the onset during the cathodic scan (see Ecng Table. 111.4). This
suggests that the onset potential value of the Cu nanoparticles formation is strongly influenced
by the kinetics of formation of the Cu nuclei. It is also remarkable that the difference between
the onset and the end potentials of the Cu deposition (see AE Table. I11.4), is less pronounced
when the alendronate ligand presented in the compounds which confirms the role of the CuAle

on the nucleation kinetics on the glassy carbon surface.

P,W5CuAle | P,WsCuy | SiWoCuAle | SiWoCuy | SbWoCuAle | SboW sCu; | CuSOy4
Eonset -0.37 -0.55 -0.37 -0.41 -0.37 -0.44 -0.40
Eend -0.30 -0.35 -0.30 -0.28* -0.28 -0.32 -0.32°
AE 0.07 0.20 0.07 0.13 0.09 0.12 0.08

Table I11.4: Potentials of the beginning (E,se;) and the end (E,,q) of the deposition of Cu nanoparticles for each
POMs studied. AE = Epy- E,nse; Showing the difference between the onset and the end potentials of the cu’
deposition.

“: For most of the compounds, the potential at which EQCM firequency starts to increase during the anodic scan,

corresponds to the onset of the Cu’ oxidation current, except for CuSO, and SiW,Cu, for which the onset of Cu’

occurs simultaneously to an increase of the mass deposited on the electrode. Since the phenomena at the origin

of this discrepancy are still unknown, Ee,q was determined using the onset potential of the Cu” oxidation current
for these compounds.

The mass change (Am) on electrode surface is calculated by the Sauerbrey’s equation:
Af = —2f¢ Am/\Jup
fo: resonant frequency of the fundamental mode,
p: density of the crystal (2.684 g/cm’),
A: area (0.2 cm?),
w: shear modulus of quartz (2.947x10"" g/cm-s™).

The mass change during the Cu deposition (scan rate v =2 mV-s™, which corresponds to a
deposition time of ca. 550 seconds) and the amount of Cu for each compound are plotted in Fig.
II1.7 using the same initial concentration. The smallest mass change is obtained with CuSQy4
and Sh, W 3Cu; which is about 0.08 pg (0.4 ug~cm'2, with A = 0.2 cm?) and the maximum is
obtained for SbWoCuAle with 1.58 pg (7.9 pg-cm™, with A = 0.2 cm?®) due to the highest sum

of Cu ions in structure. For others compounds, mass change increases with the number of Cu
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in structure except for the SiWyCu, deposit which is ca. two times more than P, W5Cuy,
although both of them contain 4 Cu atoms in their structure. However, since the POM species
adsorbed on the Cu nanoparticles contribute to the change of the mass, more quantitative

interpretations might be taken with caution.
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Figure II1.7: Comparison of mass change in the presence of 0.1 mmol-L™ sample in pH 5 1 mol-L”" CH;COOLi +
CH;COOH solution. v =2 mV-s" (the deposition time is ca. 550 seconds) during EQCM measurement on a
carbon deposited resonator (A = 0.2 cm’) and the number of Cu atoms in structure.

3 Electrochemical reduction of NO, by using CuPOMs

In this section, NOy reduction is first studied with three Cu-substituted POMs (Sh,W;sCus,
P,Wi5Cuy and SiWoCuy) in solution. Their activities are compared with the catalytic activity

of CuSQy in solution.

Cyclic voltammograms were collected between -0.90 V (before H' reduction) to 0.50 V (after
the oxidation de NO, to NO3") on GC surface in a solution of pH 5 (1 mol-L"' CH;COOLI +
CH3COOH), and between -0.65 V to 0.50 V in pH 1 (0.5 mol-L" Na,SO, + H,SO,). Thus, the
reduction current observed above the hydrogen evolution potential can be attributed to the

compounds studied or the nitrate and nitrite reduction processes.

For the sake of comparison, the onset potential of the catalytic reduction is defined at the
potential where Al = Ipom - Inox - = 0.5 pA for 1 mmol-L! NO, presented in the solution
(correspond to the parametery = C NOZ/Chom = 10). The electrocatalytic efficiencies are also
compared by using kinetic current density Jxinetic in HA-cm ™ (Jinetic = [Ipom+nox) - Lpomy) 7/ A,

where A = 0.07 cm®) with a different values of parameter v.
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3.1 Electrochemical reduction of nitrite
3.1.1 In pH 1 solution

Nitrite is protonated below pH 3.39,'* therefore the main species in aqueous solution is HNO,
but as already discussed in Chapters I and II, it decomposes slowly in solution according to the
reaction: '

2HNO,(aq) 2 NO(aq) + NO,(aq) + H,0
NaNO, reduction was first studied with 0.1 mmol-L™" CuSOy in pH 1 0.5 mol-L™' Na,SO, +
H,SO, solution (Fig. IT1.8A).
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Figure I11.8: Reduction of HNO; in the presence 0.1 mmol-L™ (4) CuSO,, (B) P-W,5Cuy, (C) SiWoCuiy or (D)
Sh,W ,sCus. E) Comparison of 1 mmol-L" NaNO, reduction (equivalent to y = 10) by different samples (0.1
mmoZ-L'[). F) Catalytic onset potentials and kinetic current densities Jineic(HNO,) in ;1A-cm'2 calculated for 1
mmol-L’ NaNO; (equivalent to y = 10). Buffer solution pH 1 0.5 mol-L"’ Na,SO,;+ HSO4, v=2m Vs For the
discussion of waves I, a, and 111, see text.
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In the presence of CuSOy in pH 1 solution, a nitrite reduction current is observed especially
below -0.14 V (waves I and II). An additional reduction wave is observed at -0.35 V (wave a)
followed by the hydrogen evolution. In the literature, the wave a is attributed to the reduction

of NO on Cu nanoparticles.'®

In the presence of , or , an activity towards nitrite reduction is
observed from the beginning of the Cu" reduction around 0 V. This activity might be attributes
to the Cu' catalyze nitrite ions in solution. Even if the Cu' state is not stable enough to give a
clear signature in the CV, it might be reactive enough to react with HNO; and/or NO. When the
potential decreases, the HNO, reduction current reaches a maximum and decreases after the
formation of Cu” nanoparticles at -0.20 V. Interestingly, the HNO, reduction at wave I and
wave II is followed by another wave (wave a) with higher current at the potential of the W"'/W"

couple.

The nitrite reduction current increases by a factor three and two for and
respectively, at potential of Cu" reduction based on the calculated kinetic current densities for
(y = 10) (Fig. IIL.8F at -0.09 V). The catalytic activity for at this potential remains
close to CuSQOy. For these three POMs, the catalytic current exhibits a maximum at -0.34 V, -
0.51 V or -0.43 V (wave III), which is attributed to the POM diffusion limitation. In contrast,
with the CuSQy4 solutionn, no maximum is observed. It can be also noticed that a sharp current
increase is obtained with revealing relatively fast reduction kinetic while for
and (see Fig. III.8E), two reductions, wave a and wave III, can be

separated because W"' is reduced at more negative potential. The kinetic current density J

calculated at -0.34 V for is three times higher than that for and 18 times
higher than for
Hence, in pH 1 solution, shows the best catalytic activity towards nitrite reduction.
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3.1.2 In pH 5 solution
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Figure I11.9: A) Reduction of NO5 in the presence 0.1 mmol-L” CuSO,. B) Nitrite reduction at Cu™ reduction
potential. Buffer solution: pH 5 1 mol-L” CH;COOLi + CH;COOH solution, v =2 mV-s".

In pH 5 solution, CuSQy exhibits two consecutive waves at -0.14 V and -0.24 V vs. SCE,
corresponding to the reductions Cu" to Cu' (wave I) and Cu' to Cu’ (wave II) (Fig. IIL.9A).
These two reduction waves are more distinguishable in pH 5 solution since the Cu' species
become more stable when the Cu ions are complexed by acetate ions which are used in the
buffer solution. After the addition of NaNQO,, an increase of current intensity is observed at
potential of Cu"/Cu' (see. Fig. II1.9B), while no Cu’ nanoparticles form. This confirms the
activity of the Cu' species for the HNO,/NO reduction.'” As in pH 1 solution, further decrease
of the potential leads to the Cu' reduction into Cu” nanoparticle, the current decreases to the
same level than the one in the absence of NO,". As in pH 1 solution, a NO reduction (wave a)
is observed revealing the activity of Cu nanoparticles in this potential range. The reduction
wave a is followed by a third reduction wave occurring simultaneously to the hydrogen

evolution.

Cyclic voltammograms of NO; reduction by P,W;5Cuy, SiWeCus and Sb,W;3Cu; are
presented in Fig. II1.10. Similar to the CuSOQy solution, a nitrite reduction current is observed
at the potential of Cu"/Cu' reduction (wave I). Electrocatalysis of NO,™ reduction by Cu"/Cu'
redox process of each Cu-substituted POMs are presented in the left panel of Fig. I11.10. No
hint of Cu’ or Cu' oxidation is observed during the reverse scan when the cathodic potential
scan is stopped after Cu"/Cu' redox wave. This suggests that NO,™ ions are able to re-oxidize
electrochemically Cu'POM complex and regenerate Cu'POM. The current intensity increases

with the quantity of nitrite ion added.
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Figure I11.10: (Left) Reduction of NO; in the presence of 0.1 mmol-L™ (4) P,W,sCu,, (B) SiWoCuy or (C)
ShyW,5Cus (Right) nitrite reduction at Cu"" reduction potential. Buffer solution: pH 5 1 mol-L” CH;COOLi +
CH;COOH, v =2mV-s".

With P, W ,sCuy, a significant reduction current is observed at potentials of WYY couple (waves

IIT and IV) and in the same potential range as the hydrogen evolution. The reduction current at

/1

the wave III is about four times higher than at the one at the wave I (potential of Cu™" redox

transition). In the case of SiW,Cuy, the nitrite reduction occurs at -0.21 V and the catalytic
current enhanced when the W is reduced at more negative potential of -0.84 V. This can

attribute to the collective effect of nitrite reduction by W*"Y

and the catalysis of nitrite reduction
by Cu(peak IV in Fig. I11.10B). The peak a observed with CuSQy is also found with Sh, W 3Cujs
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VI/V

at-0.48 V. For Sh, W;3Cus, this reduction is followed by catalytic wave at W' " " redox potential

(wave III) and at wave IV (Fig. II1.10C).
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Figure III.11: A) Comparison of reduction of 1 mmol-L”" NaNO, (equivalent to y = 10) by different samples (0.1
mmoZ'L'[). B) Catalytic onsetpotentials and kinetic current densities Jyineic(NO>) in ;iA-cm'2 calculated for 1
mmol-L" NaNO, (equivalent to y = 10). Buffer solution in pH 5 1 mol-L” CH;COOLi + CH;COOH, v =2 mV-s
1

The comparison of these four compounds toward reduction of 1 mmol-L"' NO, (equivalent to
vy = 10) is shown in Figure III.11A. SiWsCuy and Sh, W 3Cu; show similar activity at wave I
and II and their kinetic current densities are three times higher than P, WsCuy at -0.17 V (Fig.
II1.11B). The highest catalytic current is observed at W"" reduction wave. P, W5Cu, shows the
best activity at -0.64 V with a kinetic current density Juineic(NOy) up to -38.01 pA-cm™.

- 86 -



Chapter III Electrochemical and electrocatalytic properties of Cu-substituted polyoxometalate/alendronate

3.2 Electrochemical reduction of nitrate

3.2.1 In pH 1 solution

2
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Figure III.12: A) Reduction of NOj in the presence 0.1 mmol-L™ CuSO,. B) Magnification of A) between -0.65 V
to -0.20 V. Buffer solution: pH 1 0.5 mol-L’! Na)SO, + HSO4, v=2m Vs,

Nitrate electrocatalytic reduction by 0.1 mmol-L"' CuSOy at pH 1 is shown in Fig. I11.12. The
catalytic current is observed below -0.52 V, showing that the application of a significant

overpotential is necessary to reduce NOs” ions.

In the case of CuPOMs in solution (Fig. III1.13), there is no significant activity for nitrate

T redox transition as observed with CuSOy. The onset of the

reduction at the potential of Cu
nitrate reduction is only observed after the reduction of WYY for P,W,sCuy and SiW,C uy, at
-0.46 V and -0.55 V respectively, while Sh,W;5Cu; is not active towards nitrate reduction.
However, Cu” nanoparticles are still formed. This indicates that the SbWy units inhibit the
catalytic activity of Cu. One can hypothesize that the SbWy units are adsorbed on the Cu

nanoparticles and block the access to the catalytic Cu sites.
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Figure I11.13: (Left) Reduction of NOj in presence of 0.1 mmol-L™ (4) P-W,5Cu, (B) SiWoCuiy or (C) ShoW 15Cus
(Right) Magnification of nitrate reduction at the potential of reduced POM. Buffer solution: pH 1 0.5 mol-L™
Na,SO,; + H:SOy v =2mV-s™.

The catalytic onset potential of each compound and their kinetic currents calculated at -0.55 V
(to avoid the hydrogen evolution) are presented in Table III. 5. The catalytic onset potential for
PyWi5Cuy 18 -0.48 V, 0.06 V earlier than SiWoCuy and 0.07 V earlier than CuSQy. In addition,
P,W.sCus possesses a better kinetic current density (-55.60 pA.cm™) than other two

compounds.
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Catalytic onset potential | J (-0.55 V)

(V vs. SCE) (pA-cm™)
CuSOq4 -0.55 -14.16
P,Wi5Cuy -0.48 -55.60
SiWoCuy -0.54 -41.82

Sb2W18CU3 - -

Table I11.5: Catalytic onset potentials for nitrate reduction and kinetic current densities Jyineic(NO5) in uA-cm'2
calculated at -0.55 VinpH 1 0.5 mol-L’! NaSO, + H>SO, solution, v =2m Vs,

3.2.2 In pH 5 solution

6
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Figure III.14: A) Reduction of NOj in the presence 0.1 mmol-L™ CuSO,. B) Magnification of A) between -0.90 V
to -0.40 V. Buffer solution: pH 5 1 mol-L™ CH;COOLi + CH;COOH, v=2m Vs,

Similar to at pH 1, the nitrate is reduced with 0.1 mmol-L"' CuSQy in pH 5 solution is observed

when a high overpotential of -0.87 V is applied to the electrode.
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Figure I11.15: Reduction of NOj in the presence of 0.1 mmol-L”’ (A) P>W;5Cuy, (B) SiWoCu, or (C) ShoW 15Cus in
pH 5 1 mol-L”" CH;COOLi + CH;COOH solution, v = 2 mV-s™ (Right) Magnification of nitrate reduction at the
potential of reduced POM.

For CuPOMs, the nitrate reduction is only observed after the reduction of WYY for P, W sCuy
and SiWyCuy, at -0.82 V and -0.83 V respectively (see. Fig. III.15A and Fig. I11.15B). But with
Sh,WisCus, no increase is observed during the whole potential range under investigation (see.
Fig. III.15C). This observation demonstrates again that the chemical nature of POMs entities
adsorbed on the surface of the Cu’ nanoparticles affects the electrocatalytic activity for the

nitrate reduction on the Cu” nanoparticles.
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Catalytic onset potential | J ( -0.85 V)
(V vs. SCE) (pA-cm™)
CuSOq4 -0.87 -4.61
P,Wi5Cuy -0.82 -44.78
SiWoCuy -0.83 -21.53
SbyWsCus - -

Table I11.6: Catalytic onset potentials for nitrate reduction and kinetic current densities Jyineic(NO5) in uA-cm'2
calculated at -0.85 VinpH 5 1 mol-L™! CH;COOLi + CH3COOH solution, v=2m Vs,

In pH 5 solution, the catalytic onset potentials of P, W5Cu, and SiWyCuy are close and 0.05 V
earlier than that for CuSOg. As in pH 1 solution, P, W;sCuy possesses the best kinetic current
density (-44.78 pA-cm™) which is around two times higher than SiW,Cu, and 10 times higher
than CuSOQy.

Therefore, P, W ;5Cu, shows the best activity towards nitrate and nitrite reduction in both pH 1

and pH 5 solutions.

3.2.3 Electrochemical reduction of nitrate on Cu electrode in presence of P,WsCuy or
szngCU3

As shown in sections 3.2.1 and 3.2.2, Sh,W;3Cus is not active toward NO;™ reduction on GC
electrode, even though Cu nanoparticles are electrodeposited on the electrode. To confirm this
observation, the electrocatalysis of NOs™ reduction was studied on Cu bulk electrode in the

presence of two different POMs in solution.
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Figure I11.16: Reduction of NOj in the presence of 0.1 mmol-L’! (A) P>W;5Cuy or (B) SboW,5Cus on Cu bulk
electrode in pH 5 1 mol-L™ CH;COOLi + CH;COOH solution, v=2m Vs,

In the presence of P,W;sCuy in solution, NOs™ reduction occurs after the reduction of W"""

around -0.48 V (Fig. III.16A) similar to the observation on GC electrode. However, in the
presence of Sh,W,sCus (Fig. II1.16B), no activity is observed. That confirms that adsorbed

SbWy units can even block the access to the Cu bulk electrode surface.

4 Electrocatalytic reduction of NO, on CuPOM/Ale

In this part, a complex of Cu coordinated by alendronate ligand (Ale) is added to CuPOMs
presented in part 3. Three CuPOM/Ale compounds SiW,CuAle, P,W;sCuAle and
SbWyCuAle were prepared and their electrocatalytic properties have been studied. The

measurement conditions are the same as in the section 3.

4.1 Electrochemical reduction of NO, /HNO,
4.1.1 In pH 1 solution

Eletrocatalytic reduction of HNO; in presence of CuPOM/Ale is shown in Fig. I1I1.17. The right
panel is the comparison of the reduction scan of CuPOM/Ale and the corresponding CuPOM
with 1 mmol-L™! NO, (y = 10) in solution.

The catalytic current of NO; reduction in the presence of these three CuPOM/Ale are found at
similar potentials than the ones observed with the corresponding CuPOM without addition of

complexes with Ale. Overall, the Cu" reduction current is larger for CuPOM/Ale than for
p
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CuPOM due to the higher number of Cu" entities in the structure. In the case of P,W;sCuAle
and SbWoCuAle, the reduction of Cu" is spitted into two steps even in pH 1 solution suggesting

that Cu' state is more stable in CuPOM/Ale system than in CuPOM.

In the presence of P, W;sCuAle, the current increase is observed at the waves I and II compared
to P, W;sCuy. A wider peak is obtained at wave III for P,W;sCuAle, with a slightly shift of 37
mV towards more negative potential. However, the change in the maximal value of the catalytic
current at wave Il is relatively small, showing that the HNO, reduction of P, W;sCuAle in this
potential range is almost not affected by adding complex of CuAle entity. In contrast, for
SiWyCuAle and SbWyCuAle, a significant increase of current is observed in the whole range
of measured potential below the Cu"' reduction wave. The catalytic current is about two times
higher with SbWyCuAle than with SiWoCuAle, which might be attributed to the higher number
of Cu ions in the structure (24 Cu" ions in SbWoCuAle versus 9 Cu" ions in SiWsCuAle).
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Figure I11.17: (Left) Reduction of HNO; in the presence of 0.1 mmol-L™" (4) P,W,sCudle, (B) SiWyCuAle or (C)
SbWeCuAle. (Right) Reduction scans obtained for CuPOM/Ale (red curve) and the corresponding CuPOM (pink
curve) after adding of 1 mmol-L”" NaNO, (y = 10). Buffer solution: pH 1 0.5 mol-L”" Na,SO, + H,SO,, v = 2
mV-s”.

The catalytic onset potentials of these CuPOM/Ale compounds are showed in Fig. II1.18B. For
SiWyCuAle, the catalysis occurs at 0.03 V, earlier than other two compounds. However,
SbWyCuAle possesses the highest kinetic current at -0.09 V and -0.31 V, due to the higher sum

of Cu ions present.
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Figure II1.18: A) Comparison of I mmol-L™ NaNO, (equivalent to y = 10) reduction by 0.1 mmol-L” different
CuPOM/Ale. B) Catalytic onset potentials and kinetic current densities Jyipeic(HNO,) in puA em’ calculated for 1
mmol-L NaNO; (equivalent to y = 10). Buffer solution in pH 1 0.5 mol-L! NaSO, + H,SOy, v=2m Vs,

4.1.2 In pH 5 solution

Cyclic voltammograms of nitrite reductions by CuPOM/Ale in pH 5 solution are presented in
Fig. I1I.19. An increase is observed at Cu reduction waves (waves I and II) in the presence of
CuPOM/Ale comparing to the corresponding CuPOM. This increase is proportional to the
increase of sum of Cu number in the structure (2 times for P,W;5CuAle and SiW,CuAle and

about 7.5 times for SbWyCuAle at wave I).
A significant increase is observed at wave IV (hydrogen evolution) with P,W;sCuAle or

SbWyCuAle in solution, indicating that the electrodeposited Cu affects the reduction of nitrite

occurring in the hydrogen evolution potential range.
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Figure I11.19: (Left) Reduction of NO; in the presence of 0.1 mmol-L™" (4) P,W,sCudle, (B) SiW,CuAle or (C)
SbWoCuAle. (Inset) Reduction of NO; by cu™ couple. (Right) Negative scans obtained for CuPOM/Ale (red
curve) and the corresponding CuPOM (pink curve) after adding of 1 mmol-L”' NOy. Buffer solution: pH 5 1

mol-L" CH;COOLi + CH;COOH, v = 2 mV-s".

Reductions of 1 mmol-L" NaNO, in the presence of P,W;sCuAle, SiWyCuAle and
SbWyCuAle are presented in Figure I11.20A. At potential of Cu reduction, the highest catalytic
current is obtained in the presence of SbWyCuAle. However, P, W;sCuAle shows a better
activity at the potential that W"" is reduced (wave III). The catalytic onset potentials for these
three compounds are close to each other. The kinetic current densities calculate at -0.14 V and
-0.65 V are in agreement with the observations in voltammograms. The Jiinetic at -0.14 V for
ShW,CuAle is -32.78 uA-cm™and at -0.65 V, the best kinetic current density is obtained with
P,W;5CuAle (-78.54 pA-cm™).

-96 -



Chapter III Electrochemical and electrocatalytic properties of Cu-substituted polyoxometalate/alendronate

100 A) 3 B) Catalytic
80 - onset J(at-0.14V) | J(at-0.65V)
= ! potential (MA-cm?) (HA-cm??)
P2W1SCUA|E 3 (V vs. SCE)
3 40 { — Siw.CuAle
= 9 i P,W,sCuAle -0.08 -29.18 -78.54
— SbW_CuAle i
20 1 9 ‘
0 SiW,CuAle -0.08 -15.92 -11.46
-20 1 SbW,CuAle -0.07 32.78 N77P

-1.0 -08 -06 -04 -02 00 02 04
E/Vvs SCE

Figure II1.20: A) Comparison of reduction of 1 mmol-L”" NaNO, (equivalent to y = 10) by different CuPOM/Ale
(0.1 mmol-L']). B) Catalytic onset potentials and kinetic current densities Jiineic(NO5 ) in /.zA~cm'2 calculated for 1
mmol-L" NaNO, (equivalent to y = 10). Buffer solution in pH 5 1 mol-L” CH;COOLi + CH;COOH,
v=2mVs"

4.2 Electrochemical reduction of NO;3
4.2.1 In pH 1 solution
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Figure I11.21: (Left) Reduction of NOj in the presence of 0.1 mmol-L™" (4) P,W,sCudle or (B) SiW,CuAle.
(Right) Negative scans obtained for CuPOM/Ale (red curve) and the corresponding CuPOM (pink curve) after
adding of 1 mmol-L”" NOy. Buffer solution: pH 1 0.5 mol-L"" Na,SO, + H,SO, solution, v =2 mV-s".
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The nitrate reduction occurs below -0.46 V with P,WsCuAle and -0.48 V with SiW,CuAle
(see. Table II1.7). A positive shift of 0.02 V or 0.06 V is obtained after adding the complex
CuAle to P, W 5Cuys or SiWyeCuy respectively. The current intensity measured at -0.65 V is
three times higher with P,W;sCuAle than for P,W;sCus, and five times higher with
SiWyCuAle compared to SiWyCuy. The kinetic current density J calculated at -0.55 V for
P,WisCuAle (-145.31 pA-cm™) is a little higher than that for SiWoCuAle (-119.66 pA-cm™)
and about six times higher than that for P, W;5Cuy (-55.60 uA-cm'2).

Catalytic onset potential J (pA-cm™)
(V vs. SCE) (at-0.55V for y = 10)
P,W;sCuAle -0.46 -145.31
SiWoeCuAle -0.48 -119.66

Table I11.7: Catalytic onset potentials for nitrate reduction and kinetic current densities Jyineic(NO5) in uA.cm'2
calculated at -0.55 VinpH 1 0.5 mol-L’! NaSO, + H>SO, solution, v =2m Vs,

As for Sh, W 3Cus, no activity towards nitrate reduction is observed with SbWyCuAle with y

up to 200, which is in agreement with the hypothesis that SbWo can block the active Cu” surface
(see. Appendix, Fig. S8).
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4.2.2 In pH 5 solution
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Figure I11.22: (Left) Reduction of NOj in the presence of 0.1 mmol-L™ (4) P,W,sCuAle or (B) SiW,CuAle.
(Right) Negative scans obtained for CuPOM/Ale (red curve) and the corresponding CuPOM (pink curve) after
adding of 1 mmol-L" NOs. Buffer solution: pH 5 1 mol-L"" CH;COOLi + CH;COOH solution, v =2 mV-s".

The nitrate reduction current is observed in the hydrogen evolution potential region, negative
than the wave III. In the case of P,W;5CuAle, the reduction starts from -0.79 V, ca. 30 mV
earlier than with P, W;sCuy and 100 mV earlier than with CuSOy. The current increases ca. 4
times when adding NO;™ (y = 10) at -0.90 V while the number of Cu increases 2.5 times. In the
case of SiWyCuAle, the nitrate reduction starts from -0.80 V, 30 mV earlier than SiW,Cuy.
The catalytic current increases 3 times, less than with P,W;sCuAle. As in pH 1 solution,
P,W;sCuAle possesses a better kinetic current density than SiWyCuAle at -0.85 V for y = 10
NaNO:;.
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Catalytic onset potential J (pA-cm™)
(V vs. SCE) (at -0.85 V for y =10)
P,WsCuAle -0.79 -43.08
SiWoeCuAle -0.80 -39.03

Table I11.8: Catalytic onset potentials for nitrate reduction and kinetic current densities Jiineic(NO5) in ud em’
calculated at -0.85 VinpH 5 1 mol-L’! CH;COOLi + CH;COOH, v=2m Vst

In conclusion, among these three CuPOM/Ale, SbWoCuAle possesses the best kinetic current
density for the reduction of 1 mmol-L™" NaNO; (y = 10) in solution, due to the high sum of Cu
ions present in the structure. For nitrate reduction, P,W;sCuAle is considerate as the best
catalyst in both pH 1 and pH 5 solution and its overpotential is smaller than that for P, W5Cuy

with a higher kinetic current density.

S Influence of pH during nitrite reduction

As shown in part 4, all the CuPOM and CuPOM/Ale are good catalysts towards nitrite reduction,
while P,W;5CuAle is the best in the solution containing 1 mmol-L™ NaNO, (equivalent to y =
10) at pH 1 and at pH 5. In this part, the investigation of a better pH condition for nitrite
reduction by using P,W;sCuAle at pH 1, 2, 3 and 5 is presented.
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Figure II1.23: CV (upper) and nitrite reduction (bottom) in the presence of 0.1 mmol-L” P,W,sCudle as a
function of pH: pH 1(0.5 mol-L™! Na,SO, + H,SO,), pH 2 and 3 (0.5 mol-L™ NaH,PO, + H;PO,) or pH 5 (1
mol-L” CH;COOLi + CH;COOH). The concentration of NaNO; is 3 mol-L™ equivalent to y = 30. v =2 mV-s".

At pH 1, 2 and 3, the overall shape of the Cu redox peaks is only slightly affected by the pH
value. The reduction of Cu'" and Cu"® are found to occur around -0.07 V and -0.10 V, while
the reduction of W¥"V is affected by the pH (-0.20 V to -0.40 V for pH 1, -0.21 V to -0.48 V
for pH 2 and -0.25 V to -0.60 V for pH 3). In contrast, the Cu™’, Cu"”® and W""V reduction
currents are smaller in pH 5 than in more acidic mediums and the peaks positions shift to more
negative potentials. This indicates that the reduction of P, W;sCuAle is strongly affected by the
nature of acetate ions and the pH of the solution. After adding NaNO; in solution, the best
activity is obtained in pH 2 solution both for the wave I and wave III (red line in Fig. 111.23). A
composite cathodic wave around -0.39 V comes from the wave III and wave a in acidic solution

(pH 1, 2 and 3).

6 Sensing property for nitrate reduction

In most of published work, NOy reduction is only used as a classical test of electrocatalytic

18,19

properties of polyoxometalates. Here, the range of detection will be established with the

aim to explore the applicability to electrochemical sensors. In our experimental condition,
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P,W,5CuAle shows the best activity toward nitrate reduction. Hence, P, WsCuAle is chosen

as the example.

The catalytic current is graphed as a function of the nitrate concentration in solution shown in
Fig. I11.24. Generally, current increases with the quantity of nitrate added in pH 1 and pH 5
solutions, until reaching a plateau, probably due to the limitation by the catalyst turnover

frequency (Fig. I11.24A).

A linear range is observed for P, W;sCuAle in both pH 1 and pH 5 solutions. The range at pH
1 (0 to 20 mmol-L™") is wider than in pH 5 solution (0 to 10 mmol-L™") as shown in Fig. II1.24B.

20
—+— pH1 0 1 pH 1
0 -1 pH 5
-5
< -20 A < -10 1
= 40 = 151
-20
-60 4
-25
-80 +— T T T T T T T -30 = T T T T
0 20 40 60 80 100 120 140 0 5 10 15 20 25
[NaNO,] / mM [NaNO,] / mM

Figure I11.24: Sensing properties of P,W;sCuAle towards nitrate reduction in pH 1 0.5 mol ! Na>SO, + H>,SO,
solution or in pH 5 1 mol-L™ CH;COOLi + CH;COOH solution. The current is measured at -0.55 V at pH I and
at-0.85 V at pH 5.
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7 Conclusion

In this chapter, six Cu-substituted compounds have been examined by different techniques and
their catalytic properties towards nitrite and nitrate reduction were studied in two different

buffer solutions.

The electrochemical properties were studied in pH 1 (0.5 mol-L™" Na,SO4 + H,SO4) and in pH
5 (1 mol-L" CH3COOLIi + CH;COOH) solutions. The reduction and oxidation of Cu ions can
be observed for all the compounds. Usually, Cu' complex were better stabilized in pH 5 solution
due to the presence of acetate ions. All the Cu" centers were reduced as demonstrated by the

11/0 .
reduction.

controlled potential coulometry performed at a potential setted just below the Cu
The formed Cu’ nanoparticles are deposited on the electrode surface and their size/density
increased with time. The quantity of material deposited on electrode was estimated by
Electrochemical Quartz Crystal Microbalance (EQCM) where the deposited mass was found to
increase with the number of Cu" atoms in the structure. The onset potential of the formation of
the Cu’ nanoparticles is slightly more positive for CuPOM/Ale compounds than for the

corresponding CuPOM.

Their electrocatalytic properties have been studied in the presence of NaNOy (x = 2 or 3) into
the solution. The analysis of the obtained current-potential curves demonstrated an efficient
catalysis of nitrite and nitrate reduction concomitant to the reduction of CuPOM. The catalytic
performances of the CuPOM species are improved compared to a simple Cu salt (CuSOy) in
solution or Cu bulk electrode. Two catalytic waves were observed in the case of the nitrite
solution, the first one at the potential of Cu" reduction and the second one at the W"" reduction.
In the case of nitrate reduction, only one catalytic reduction wave was observed after the
reduction of W', Interestingly, not every Cu-substituted POMs ( , and

) were found to be active toward nitrate reduction indicating that the formation of
Cu’ nanoparticles and its catalytic properties can be modulated by the choice of POMs.

was the most active Cu-substituted POM for both nitrite and nitrate reduction under

the experimental conditions that we have used.

After grafting an alendronate copper complex, namely [Cug(Ale)s(H,0)4]" to the Cu-
substituted POMs, the catalytic properties were further ameliorated. A decrease of the
overpotential and an increase in kinetic current density determined 1 mmol-L™ NOy (x =2 or

3) solution were observed, showing that this Cu complex acted as a cofactor during the catalysis.
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This improvement of the activity might be tentatively attributed to i) a better activity of the Cu'
species in the presence of alendronate and ii) to the formation of in situ Cu’ nanoparticles by

electroreduction at more anodic potential due to the presence of alendronate.

The catalytic properties were strongly influenced by the pH of the solution, the pH 2 being the
best for nitrite reduction for P, WsCuAle. The ability of these catalysts to be used in a nitrate
reduction sensor was also examined in the case of P,W;sCuAle, which was found to be the
most efficient catalyst. A linear dependence of the current on the nitrate concentration was
obtained in the range of 0 to 20 mmol-L™" in pH 1 solution while the linear concentration range

0 to 10 mmol-L™" was narrower in pH 5 solution.

This work is still in progress, and further studies include the characterization of the CuPOM
and CuPOM/Ale deposited electrode by using X-ray photoelectron spectroscopy (XPS). In
addition, the formation of the reaction intermediates and products should be identified and their
amount should be quantified by associating electrochemical method with other technique such
as Differential Electrochemical Mass Spectroscopy (DEMS), Gas Chromatography (GC) and
Fourier-Transformed Infrared Spectroscopy (FT-IR).
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Chapter IV POMs-stabilized Ag nanoparticles

for NO, reduction

1 Introduction

Besides copper, silver exhibits also a significant catalytic activity for nitrate reduction.' The
nitrate reduction is observed from 0.10 V vs. RHE in 0.5 mol-L™' H,SOj solution.” The nitrate
reduction current can be increased by using silver nanoparticles rather than bulk electrodes, due
to the increase of the roughness factor of the electrode.’ In this chapter, we are focusing on

nitrate and nitrite reduction by AgNPs.

There is a large number of methods to prepare Ag nanoparticles. Among them, the most
commons techniques are:”
> Physical process: the energies such as thermal, ac power, arc discharge are used to
produce AgNPs in powder form. The physical approach allows to produce large
quantities of AgNPs samples in a single process. However, the cost for the equipment

should be considered.’

» Chemical method: this method has been mostly used for preparing AgNPs. Three
components: metal precursors, reducing agents and stabilizing agents are critical in
chemical process. Monodispersed and uniform AgNPs can be obtained by adjusting the
reaction parameters such as pH of solution, reaction agents (NaBHj, ethylene glycol,
glucose), stabilizing agents (poly(vinyl acetate) (PVA), polyvinylpyrrolidone (PVP),
sodium oleate) as well as the temperature.” However, the presence of the stabilizing

agent can affect the catalytic activity of the silver particles.

> Biological process: bacteria, fungi, plants are used as reducing and stabilizing agents.
This is a low cost technique and forms small size nanoparticles (2 to 11 nm). However,

it is difficult to produce large quantity of AgNPs by using this method.”

> Photocatalytical process: a direct photo-reduction process of silver salt in the presence

of reducing agent and stabilizing agent under illumination. Various advantages of this
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method have been reported such as clean process and controllable formation of

nanoparticles by spectroscopy.*

> Electrodeposition process: a potential difference is applied to an electrode (such as
metal, carbon, or semiconductor) and an electrolyte interface, which results in electron
transfer between the electrode and ionic species in the electrolyte and the leads to the

deposition of atoms of the species onto the electrode surface.*

» Sonochemistry: this techniques allows to prepare metallic nanoparticles by applying
powerful ultrasound radiation (20 KHz — 10 MHz) generating different kind of reactive

radicals, which is able to reduce the metallic ions.°

> Radiolysis: in this case, the radicals reacting with the metallic ions are generated by

.. . . 60 7
gamma radiation using for instance the ™ Co source.

To increase the roughness factor of the electrode, the particles should to be nanosized, but also
well dispersed to prevent their agglomeration. Polyoxometalates (POMs) are interesting
compounds for the photochemical formation of AgNPs since the POMs can act as the reducing
agent (under UV illumination) and also as the stabilizing agent which can protect nanoparticle

from agglomeration.

Formation of Ag nanoparticles (AgNPs) is prepared by using photochemically reduced POM
such as [SiW1,040]", [PW12040]’" and [PaMo13Og,]" at natural pH.* In the presence of the
electron donor such as propan-2-ol, the photochemically reduced POMs are produced by
illumination in the O-M charge transfer band (near visible and UV region).® Indeed, the excited
POMs are strong oxidants which is able to capture electrons from electron donors. In this system,
POMs serve as photocatalysts, reducing agents and stabilizers simultaneously, since the
obtained metal colloids are stable against aggregation. A one-step synthesis using Mo"-Mo""
mixed-valence POMs in water has also reported.'” The shapes and sizes of AgNPs can be
modulated by using different POMs and the initial concentration of silver salt. To the best of
our knowledge, this is the first time that Ag@POM nanoparticles prepared by this method are

used towards nitrate reduction.
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In this chapter, [SiW1204]" type polyoxometalate is chosen for preparing AgNPs due to their
ability to reduce and stabilize nanoparticles, as well as their catalytic properties towards nitrite

reduction.

2 Synthesis of Ag nanoparticles

2.1 Photocatalytic reduction of silver ions

A solution of [SiW2040]* (3.5%x10™ mol-L™") is mixed with Ag,SO4 (1.0x10™ mol-L™"), 0.5
mol-L™" propan-2-ol is added into solution as the electron donor. Deaerated solution is obtained
by argon bubbling before illumination for more than 30 minutes. Irradiation was performed by
a 300 W Xe arc lamp equipped with a water cell filter to absorb the near-IR radiation. UV-vis

absorption spectra were recorded during the illumination to follow the reduction reaction.
The mechanism of photo-reduction of Ag” by POM is described in Chapter I page 27.

The formation of the Ag nanoparticles is followed by the UV-visible spectroscopy. The UV-
visible spectrum measured before illumination is displayed in Fig. IV.1A. The absorption band
in the UV region (below 370 nm) is due to the POM. Once the illumination begins, a well-
known plasmon absorption band of silver nanoparticles around 407 nm is obtained after 6
minutes and the color of the solution changes to yellow which characterizes the formation of
Ag nanoparticles.” The plasmon band stems from the excitation of collective oscillation mode
of the electrons in the particles. Based on the published work,” a plasmon band at 400 nm
generally corresponds to AgNPs with sphere form (blue line in Fig. IV.1A). Mukherji and his
co-workers'' have synthesized a series of AgNPs and associated the nanoparticles size with
UV-vis extinction spectras, the peaks at 406 nm and 411 nm wavelengths correspond to the
average sizes of 20 nm and 30 nm respectively. In our case, by increasing the illumination time
to 20 minutes, the solution color changes to blue and a wide band between 600 nm to 800 nm
(blue line in Fig. IV.1A) is observed which can be attributed to the d-d transitions and tungsten-
to-tungsten charge transfer (W>'-W°®" CT) which is the signature of the formation of reduced
POM. The name of this band is also called intervalence band. After 30 minutes under
illumination, the UV-visible spectra do not evolve anymore indicating the end of the reaction
and the total reduction of Ag" as well as the POM in solution. When oxygen comes into the
solution by opening the cell in air (red line in Fig. IV.1A), the second absorption band
(intervalence band) disappears indicating the re-oxidation of reduced POM. The absorbance of
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the band at 400 nm decreases only slightly suggesting that the silver nanoparticles formed

during the photo-reduction are stable in air.
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Figure IV.1: A) UV-visible absorption spectra of a solution containing [SiW ;04" (3.5x107 mol-L”), Ag,SO,
(1x10™ mol-L™") and propan-2-ol (0.5 mol-L™") before (=), after (=) 50 minutes of illumination and after
reoxydation in air (—). B) Measured absorbance bands at 400 nm and 700 nm as a function of illumination time.

2.2 Effect of the POM concentration on the silver nanoparticle formation
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Figure IV.2: UV-visible absorption spectra and TEM micrographics of: synthesis a) a deaerated solution of
[SiW1,040]" (3.5%107 mol-L™"), Ag>S0, (1 %107 mol-L™*) and propan-2-ol (0.5 mol-L") under illumination (4
and C); synthesis b) a deaerated solution of [SiW ;049" (8.4x10° mol-L™"), Ag,SO, (1 <107 mol-L™') and

propan-2-ol (0.5 mol-L™") (B and D).
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The influence of the concentration of POMs on the Ag nanoparticles formation was tested. Two
different synthesis conditions have been compared: synthesis a) [SIW, 2040]4' (3.5% 10 mol-L_l)
mixed with Ag;SO4 (1x10™* mol-L™") and synthesis b) [SiW12040]" (8.4x10° mol-L™") mixed
with Ag,SO4 (1x107* mol-L™"). In both solutions, 0.5 mol-L™" propan-2-ol was added as the

electron donor.

The UV-vis spectra using the synthesis a is shown in Fig. IV.2A, the plasmon band of Ag’ is
observed at 400 nm after the formation of reduced POM. The reaction of the silver reduction
completes over 6 minutes. Representative TEM micrograph confirms the formation of spherical
Ag nanoparticles with a diameter around 20 nm, in agreement with reported study.'' The higher
POM concentration leads to the fast formation of monodispersed AgNPs with uniform size

distribution.'?

By decreasing 40 times the concentration of POM (synthesis b), Ag" is in large excess, the
formation of AgNPs becomes slower, ca. 120 minutes (Fig. [V.2B). However, the reduced POM
absorption band (intervalence band) could not be observed in this system even after more than
24 hours under illumination (not show). During the AgNP formation, the initial band is large
and around 430 nm. By increasing illumination time, the plasmon band shifts to 405 nm and
the peak becomes narrower and more symmetrical. It can be explained by the fact that AgNPs
formed at the beginning are heterogeneous with various forms due to the slower reaction rate,
the nanoparticles becoming more homogeneous with prolonged illumination time.
Representative TEM micrograph shows the trend of aggregation of AgNPs due to the lower
POMs concentration in solution, which could not adsorb on the silver surface to protect
nanoparticles. It is noticeable that POMs remain intact during the reaction as suggested by the
stability of the absorbance band at 270 nm which corresponds to the oxidized form of Keggin-
structure POMs. Similar band have been reported by Troupis and his co-workers.® This band is
not observed in conditions of synthesis a only because to the higher POM concentration leading

to the saturation in UV-vis spectra.

The POMs adsorbed on silver nanoparticles cannot be observed directly in the TEM
micrographs shown in Fig. IV.2C and Fig. IV.2D. However, using Energy-Dispersive X-ray
spectroscopy (EDX), the presence of the elements Ag, W, Si could be evidence suggesting the

presence of POM on nanoparticles surfaces (see Fig. IV.3).
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"
CuKa

Figure IV.3: EDX analysis of Ag@SiW >0, obtained from a solution contains [SiW12040]4' (3.5><]()'4 mol-L 1),
Ag:S0, (1107 mol-L™") and propan-2-ol (0.5 mol-L™") under illumination. The Cu signals are due to the cupper
grid used.

2.3 Stability of the silver nanoparticles
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Figure IV.4: UV-vis spectra of formed Ag@SiW 1,049 nanoparticles solution right after the illumination (black
line) and after 3 months (red line).

The stability of formed Ag@SiW 2049 nanoparticles in solution was monitored by UV-vis
spectroscopy after 3 months. The plasmon band of AgNPs remains at the same wavelength
while only a slight intensity decrease is observed. This indicates that the formed POM-stabilized

Ag nanoparticles are stable at least for 3 months.
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3 Preparation of the Ag@POM modified GC electrode

To investigate the electrocatalytic properties of the Ag@SiW 1,049 nanoparticles, they have to

be deposited on a glassy carbon (GC) surface which will serve as current collector.

3.1 Experimental procedure for the thin film catalyst layer preparation

The modified electrode is prepared by successively dropping 5 pL. Ag@SiW 1,04 solution on
GC electrode surface and drying in air. The deposition can be repeated until the desiring amount
is reached. The dropping of small solution volume at different locations of the GC surface and
the fast evaporation of the solvent allow to obtain homogeneous Ag@SiW 1,04 distribution on
the GC surface. At the end of the deposition, 2 pL Swt. % Nafion solution is added to the film
to improve its stability (Fig. [V.5).
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Figure IV.5: Schema of successively dropping method to deposit Ag@SiW ;049 solution on a glassy carbon (GC)
electrode.
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3.2 Characterization by cyclic voltammetry
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Figure IV.6: A) CV of 20 uL Ag@SiW ;5,049 modified on GC electrode; B) CV of 0.1 mmol-L ! [SiW 1,0 “in
solution. Buffer solution: pH 5 1 mol-L”' CH;COOLi + CH;COOH, v = 20 mV-s™,

The electrochemical properties of the modified electrode were investigated by cyclic
voltammetry in pH 5 1 mol-L™" CH3;COOLi + CH;COOH solution. The first scan starts from 0
V and sweeps to negative potential. Two reduction waves are observed at -0.26 V (peak I) and
-0.53 V (peak II) which are similar to the ones of [SiW,040]" measured in solution, at -0.25 V
and -0.50 V respectively (Fig. IV.6B). At reverse scan, a pronounced peak at 0.25 V is attributed

to the oxidation of Ag’ to Ag” (anodic redissolution peak). Hence, at the second cycle, an
additional wave at -0.31 V appears corresponding to the reduction of Ag'. The intensity of the

redox peaks of Ag"® decreases with the number of scan is attributed to the release of Ag" ions
to the solution and cannot be reduced over the time scale of the potential scan. The peak III at
-0.93 V of the POM is not well-defined in Ag@SiW,04¢ because part of the redox peak is

obscured by the hydrogen evolution.

3.3 Investigation of the formation of the catalyst layer through Quartz
Crystal Microbalance (QCM)

A mass variation (Am) due to the deposition of the catalyst layer on electrode surface can be
estimated by using Quartz Crystal Microbalance (QCM) by measuring the change of frequency
of a quartz crystal resonator. The resonator is a thin quartz crystal sandwiched between two
electrodes (carbon, ITO or metals) submitted to an alternating electric field across the crystal,

generating vibrational motion of the crystal at its resonance frequency. This resonance
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frequency is sensitive to the mass change at the surface of the crystal or of the electrodes, hence,
we can use one side of the resonator as a working electrode and simultaneously measure the

mass variation of the electrode.
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Figure IV.7: Frequency response of QCM sensor after three times 5 uL Ag@SiW ;1,049 deposition onto a carbon
OCM resonator. Green arrow. the moment that the solution was dropped onto the dry quartz resonator. Red
arrow: the moment that the electrode gets completely dry.

Typical resonance frequency evolution during the Ag@SiW 1,049 catalyst deposition onto a
carbon coved QCM resonator is displayed in Fig. IV.7. To obtain this curve, 5 pL of
Ag@SiW 2049 solution prepared following the procedure described in paragraph 2.1, is
deposited on a carbon covered QCM resonator (A = 0.2 cm?) at a frequency of 9.08 MHz AT-
cut (see Fig. IV.7). The green arrows indicate the different times when the solution was dropped
onto the dry quartz resonator. The dropping results in first an abrupt decrease of the frequency
that manifests itself by the vertical lines in Fig. IV.7 at 3800, 7000 and 10700 s. After the abrupt
decrease, the resonance frequency of the resonator covered by the solution increases and
stabilizes at a value of ca. 9.133 MHz. Then the electrode is allowed to dry in air. The deposition
of the Ag@SiW 1,049 nanoparticles on the carbon surface occurs suddenly during the drying
step and manifest itself by an abrupt resonance frequency decrease (see the red arrows in Fig.
IV.7).

The mass change due to the deposition Ag@SiW 1,049 nanoparticles on resonator surface is
calculated by using the Sauerbrey’s equation: Af = —2f2Am/./u. p. Typically, a mass change
between 58.5 to 111.6 pg-cm™ at each 5 pL deposition is obtained. This corresponds to a

concentration of ca. 2.80 to 4.42 g-L™' for Ag@SiW 1,049 nanoparticles solution prepared. From
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the Fig. IV.7, it can be seen that the resonance frequency reaches almost its initial value each
time that 5 pL of Ag@SiW 2040 solution is dropped. This suggests that most of the
Ag@SiW 2,049 nanoparticles are removed from the electrode surface in contact of water. To
improve the fixation of the nanoparticles on the surface, 2 pL of 5 wt. % Nafion solution has to
be added on the surface at the end of the deposition process. This is discussed in the next

paragraph.

3.4 Influence of Nafion on the electrochemical properties
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Figure IV.8: Influence of the quantity of Ag@SiW ;049 deposited on GC electrode without Nafion (4 and A’) and
in the presence of 2 uL 5Swt. % Nafion at the end of deposition (B and B’). Buffer solution: pH 5 1 mol-L™'
CH;COOLi + CH;COOH, v =20 mV-s™.

The quantity of Ag@SiW 1,049 deposited on electrode could be also monitored by cyclic
voltammetry. The potential range is limited between 0.10 V to -1.00 V to avoid the oxidation
of Ag’ nanoparticles as well as the hydrogen evolution. When the CV is measured just after
deposition on electrode surface (Fig. IV.8A), two redox peaks are observed at -0.27 V (peak I)
and -0.56 V (peak II), but the intensity of current increases only after adding 15 pL
Ag@SiW 2040 onto the surface (Fig. IV.8A’). However, the films take off from the glassy
carbon surface right after the first CV cycle (Fig. IV.9A). Hence, Nafion is added to stabilize

the film.
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After addition of 2 uL Nafion, three well-defined waves are observed (Fig. IV.8B). The redox
waves are more symmetrical and AE, (peak to peak separation) gets smaller than in the absence
of Nafion. Surprisingly, the current associated to the POM redox processes doesn’t increase
with the number of deposition cycle. This suggests that only small fractions of the particles are
electrically connected to the glassy carbon current collector. As a better stability is obtained
with Nafion (Fig. IV.9B), in following study, a system of 15 pL Ag@SiW,04¢ + 2 pL Nafion
is used to study its catalytic property towards NOy reduction.

2 2
A) B)

0 0 1
< 5
= 94 = 5

4 > —_— . 1%'scan

—— 2"scan —— 2" scan
-08 -0.6 -04 -0.2 0.0 ~1:0 -0.8 0.6 -0.4 -0.2 0.0
E/V vs. SCE E/V vs. SCE

Figure IV.9: The first two scans of Ag@SiW 1,04 (4) and Ag@SiW 1,0 49+2uL 5Swt. % Nafion (B) modified glassy
carbon electrode in pH 5 1 mol-L ! CH;COOLi + CH3COOH solution, v=20m Vs,

4 Electrocatalytic nitrite reduction by [SiW12040]4' and
Ag@SiW12040

For these systems, the catalytic onset potential was defined as the potential where Al = Ipgp —
Ipom+nox— = 1 pA for 1 mmol-L™' NaNO, added in solution. Note that the AI value chosen is
higher than the one used with the CuPOM catalysts which was 0.5 pA (see chapter III, sections
3 and 4). Indeed, the background currents of the Ag@SiW 1,049 modified GC electrodes are
significantly increased compared to the unmodified GC electrode and higher Al value have to

be chosen for a reliable determination of the onset potential of the reduction.

4.1 Nitrite reduction by POM [SiW,04]"

First, we examined the catalytic property of [SiW204]" in different pH solutions. The
potential window for the investigation is chosen between 0.50 V and the potential just below
the third reduction wave of POM.
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Figure IV.10: NaNO; reduction in the presence of 0.1 mmol-L LISiW15040]" in pH 1 (Aand A’) and pH 5 (B
and B’) solutions. Concentrations of the nitrite are: 0, 1 and 5 mmol-L ""(4 and B) and between 0 to 100
mmol-L™! (A’ and B’). Buffer solutions: pH I 0.5 mol-L [Na2S04 + H,SO, and pH 5 1 mol-L ! CH;COOLi +
CH;COOH, v =20 mV-s.

In pH 1 solution (Fig. IV.10A and Fig. IV.10A’), nitrite reduction current is observed from the
first reduction wave and increases with the quantity of NaNO; added in solution. The catalytic
onset potential is at -0.31 V. Catalytic current increases linearly for the three reduction waves
from 0 mmol-L™' to 40 mmol-L™" and reaches the limiting current due to the rate-determining

step of the reaction.

In pH 5 solution (Fig. IV.10B and Fig. IV.10B’), the catalysis begins after the second reduction
wave (-0.85 V) and the current increases especially at the third wave. It has been noted that, the

current intensity is smaller than at pH 1. No clear upper limit is observed in range of 0 mol-L™'

to 100 mol-L ™' NaNO,.

4.2 Nitrite reduction by Ag@SiW 1,049

The catalytic property of Ag@SiW 1,04 towards nitrite reduction is studied in the same buffer
solutions as for the [SiW1,040]". The potential range was defined after 0 V to prevent the
oxidation of Ag” and just after the end of the third reduction wave of the POM, before the
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hydrogen evolution. It needs to note that in the film of Ag@SiW 2040, the presence of free

POM [SiW1,040]" cannot be excluded because the dialysis was not performed.
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Figure IV.11: Nitrite reduction with 15 uL Ag@SiW ;04 + 2 uL Nafion modified electrode in pH 1 (A and A°)

and in pH 5 (B and B’) solutions. Concentrations of the nitrite are 0, 1 and 5 mmol-L (4 and B), between 0 to

100 mmol-L™" (A°) and between 0 to 200 mmol-L ! (B’). Buffer solutions: pH 1 0.5 mol-L [Na2S04 + H>SO0, and

pH 5 1 mol-L ! CH;COOLi + CH;COOH, v =20m V-s!. The third reduction wave of W (wave Ill) is measured
at-0.60 Vat pH 1 and at -0.94 V at pH 5.

In pH 1 solution, nitrite reduction is observed before the anodic potential limit (0 V) in
agreement with the catalytic properties of Ag towards nitrite reduction in pH 1 solution.'* The

VI/V .
reduction

current increases in the whole range of potential measured especially at three W
waves. This result demonstrates that adding POM to Ag nanoparticles leads to a significant
enhancement of the catalytic current. The current increases rapidly with NaNO, concentration
until 10 - 20 mmol-L™" and then the growth rate slow down reaching the limiting current. It
should be also mentioned that a higher limiting current can be obtained with the Ag@SiW 2,040
than with the POM alone revealing the presence of a tandem catalysis (see Fig. IV.12A where
[SiW12040]" is in solution and Ag@SiW 1,049 modified on electrode surface with 5 mmol-L™'
NaNO; in solution are compared in the same graph). At pH 1, an important gain at potential is

observed and a higher current intensity is observed since the departure with Ag@SiW2040.

The current intensity is about two times higher than with [SiW,04]" in solution.
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In pH 5 solution, the nitrite reduction begins at -0.83 V, the third reduction wave of the POM,
almost at same potential with [SiW2040]" in solution. However, if the reduction potential is
not affected by the presence of the Ag” nanoparticles, the current intensity is much higher (about
5 times) than with [SiW,04]" alone for the same NaNO, concentration (see F ig.IV.12B). The

current increases rapidly until 50 mmol-L™' NaNO, and then the rate is slow down (see

Chapter IV POMs-stabilized Ag nanoparticles for NOy reduction

Fig.IV.11B).
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Figure IV.12: Comparison of Ag@SiW;,049 and [SiW,ZO4()]4' towards nitrite reduction in pH 1 (A) and in pH 5
(B). Buffer solutions: pH 1 0.5 mol-L™" Na:SO, + H,SO, and pH 5 1 mol-L™" CH;COOLi + CH;COOH, v = 20

The potential cycling study in a solution containing 200 mmol-L™" NaNO, is shown in Fig.

IV.13. The catalytic current remains noticeable after 750 scans. The decrease of current may be
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5 Electrocatalytic nitrate reduction by Ag@SiW,04

The catalytic properties toward nitrate reduction were studied in the same conditions than for
nitrite reduction. The POM [SiW1204O]4' alone cannot catalyze the nitrate as shown before in

the Chapter II sections 4.1 and 4.2.
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Figure IV.14: Nitrate reduction by 15 uL Ag@SiW;,04 +2 uL Nafion modified electrode in solution pH 1 (A
and A’) and in pH 5 (B and B’). Concentrations of the nitrate are: 0, 10 and 30 mmol-L "4 and C), between 0
to 100 mmol-L™! (A°) and between 0 to 200 mmol-L I'B ’) Buffer solution pH 1 0.5 mol-L INa3S04 + H>SO, and
pH 5 1 mol-L ! CH;COOLi + CH;COOH, v =20m Vs, The third reduction wave of W (wave Ill) is measured
at-0.65 VatpH 1 and at -0.95 V at pH 5.

The nitrate reduction can be only observed below -0.52 V in pH 1 solution. However, the onset
potential is difficult to define because of the small increase of current (Fig. [IV.14A). In pH 5
solution, the onset point is at -0.91 V, about -0.08 V more cathodic than nitrite reduction. A
linear trend is obtained between 50 mmol-L™" to 200 mm01~L_1, a nitrate sensor based on the
Ag@SiW 204 system can be expected working in this range. Reported Ag-based
electrochemical nitrate sensor are generally used between 0-20 mmol-L™".">'*'!8 OQur system

may be used as complement for higher nitrate concentration solution.
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An example of Ag-based nitrate sensor is shown in Fig. IV.15, Atmeh and his co-workers'®
have reported a nitrate sensor based on electrodeposited Ag nanoparticles and polypyrrole (PPy)

modified carbon electrode. A linear concentration dependence is observed between 1 and 10
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Figure IV.15: Peak current dependence on nitrate concentration range of 1-10000 uM of PPy/Ag. A) The entire
concentration range B) the lower concentration range 1-500 umol-L™. Buffer solution: 0.1 mol-L” Na,SO,,
reference electrode: SCE, v =20 mV-s™. Peak current is measured at -1.42 V. (Reprinted from reference 16).

The catalytic onset potentials of Ag@SiW 2040 and [SiW1,040]" towards nitrite and nitrate

reduction are summarized in Table IV.1.

pH 1 5

[SiW2040]" | nitrite | -0.31 | -0.85

nitrite >0 -0.83
Ag@SiW12040

nitrate * -091

*: catalytic current too small to determine the catalytic potential

Table IV.1: Catalytic onset potentials of NO, reduction in pH 1 0.5 mol-L ! Na,SO, + H,SO, solution and in pH
51 molL™! CH;COOLi + CH3COOH solution, v=20m Vs,

To conclude, the presence of AgNPs in the system can advance the catalytic reduction in pH 1

solution and it make the system active towards nitrate reduction at pH 5.

Fig. IV.16 shows nitrate reduction by three different systems: on Ag electrode (black line), on
the Ag electrode with presence of 0.1 mmol-L™" [SiW204]" (red line) or on Ag@SiW 1,040
modified GC electrode (green line). The presence of POMs onto the AgNP surface can prevent
Ag’ from the hydrogen evolution, hence a larger potential range can be applied to the

Ag@SiW 1,04 system. As shown in Chapter II, [SiW,04]" added directly in the solution,
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blocks the Ag surface from nitrate ions. Here, we demonstrate that Ag@SiW 204 is a better

catalyst than Ag electrode alone where a significant increase of reduction current is observed.
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-20 1 —— Ag electrode
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Ag@ISIW ;01"
30
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Figure IV.16: Reduction of 10 mmol-L™' NaNO; on Ag electrode (black line), on the Ag electrode with presence
of 0.1 mmol-L ! [SiW,gO4(;]4' (red line) or on Ag@SiW;,049 modified GC electrode ( line) in pH 5 solution
1 mol-L”" CH;COOLi + CH;COOH, v = 20 mV's”".

6. Conclusion

In this chapter, [SiW,040]"-stabilized AgNPs are prepared by photoreduction method. The
formed nanoparticles are stable for several months. When the concentration of [SiW2040]" is
large enough, the formation of the AgNPs occurs within few minutes yielding spherical
nanoparticles with uniform size distribution (ca. 20 nm). The preparation of modified electrodes
by simply dropping Ag@SiW 1,049 on glassy carbon electrode did not allow to obtain stable
catalytic layers enabling further electrochemical study. Hence, Nafion was added at the end of

deposition to stabilize the catalyst layer.

Electrochemical reduction of NO™ (NOs™ and HNO; / NO;) was studied in pH 1 and pH 5
solutions. For nitrite reduction, AgNPs and [SiW1,04]" catalyst act in tandem in pH 1 solution
resulting in a significant improvement of the reduction current. In contrast, at pH 5, nitrite is
reduced at almost the same potential than [SiW2040]* and Ag@SiW 1204. In both conditions,
current intensity is higher with Ag@SiW 2040 than with [SiW1204O]4' alone. Ag@SiW 1,04
film keeps its catalytic property at least after 750 cycling. Only Ag@SiW,04 is active for
nitrate reduction, showing the presence of the silver is a necessary condition for nitrate
reduction. The catalytic current of nitrate reduction is smaller than the one of nitrite reduction.

Finally, it is worth mentioning that the catalytic performances towards nitrate reduction
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obtained with Ag@SiW 1,04 modified GC electrode are improved compared to the ones

obtained with the Ag bulk electrode alone, or in the presence of POM in solution.

However, this work might be completed with further studies:

>

The centrifugation of the Ag@SiW 204 solution at high rotation speed might allow to
separate the the Ag@SiW 1,04 nanoparticles from free POM not adsorbed on the silver.
Other method will be the purification and the removal of free [SiW1,040]" by dialysis
using dialysis bag.

Use of carbon nanotubes and/or graphene to support the [SiW,04]" or the
Ag@SiW 1,040 nanoparticles in order to improve the distribution of the catalyst on the
electrode surface.

The type of POMs might be varied in order to explore its influence on the Ag@POM
NPs properties such as their size.

The quantity of Nafion added on the catalyst layer in order to immobilize the catalyst
might be optimized to improve the catalytic efficiency. Low amount of Nafion might
not be sufficient to prevent the detachment of the silver nanoparticles, while excess of
Nafion might hinder the access of the NOy to the catalytic sites.

The Ag@POM nanoparticles might be encapsulated within an electropolymerized
polypyrrole (PPy) or polythiophene thin in order to improve the stability of the catalyst
film;

By associating porphyrin with the formed Ag@POM nanoparticles, the
photosensitization of the Ag@POM catalyst might lead to interesting

photoelectrocatalytic properties.
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Chapter V Immobilization of polyoxometalates

in the metal organic framework (POM@MOYF)

1 Introduction

POMs have interesting catalytic properties in various applications. However, their
disadvantages are low specific surface area, low stability under catalytic conditions and high
solubility in aqueous solution. Hence, a stable catalyst which combines the catalytic activity of
POMs and advantages of heterogeneous catalysts, which are easier recovery and recycling,
attracts a lot of interests. Inserting POMs into the cavities of metal organic frameworks (MOFs)'

constitutes a strategy to access to POM-based heterogeneous catalysts.”

Metal-Organic Frameworks (MOFs) are crystalline porous materials of which the structure is
defined by metal ions or metallic clusters that are connected to bi- or multimodal organic linkers
with strong interactions.” The microporous structure of MOFs provides the surface areas up to
5900 m*-g"' and specific pore volumes up to 2 cm’-g” with various pore dimensions and
topologies.* The presence of strong metal-ligand interactions confers the permanent porosity to
the MOFs. It is possible to remove the solvent molecules, which is required in order to liberate
the inner space of the material, without destroying the structure.’ The feature of MOFs, such as
their pore sizes, shapes, dimensionalities and chemical environment can be finely controlled for
proposes of the specific applications.” Hence, the use of MOFs as a support of POM is

considered as an interesting strategy to develop their applications in catalysis.

Several advantages can be obtained by inserting POM into the cavities of MOF: 1) improve of
the specific surface area of POM; ii) uniform dispersion of POM units in a MOF skeleton; iii)
introduce magnetic POM into MOF can lead to the application as molecular quantum spintronic
devices; iv) allow the selective catalysis as a function of size and easy recycling after catalytic

reactions; v) easily recycling after catalytic reactions.>°

POM@MOF materials can be prepared by different methods:

» MOFs are directly impregnated into POMs solution. However, this method is
difficult due to the distinction between POMs and MOFs in size, charge,
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structural symmetry, solubility and pH stability. Only few MOFs such as MIL-
101 (Material of Institut Lavoisier)’, HKUST-1 (Hong Kong University of
Science and Technology)’ and NENU-11 (NENU: Northeast Normal
University)® have been successfully loaded with POMs. The structures of these
MOFs are shown in Fig. V.1.

» POMs are used as nodes or linkers which is connected to the metal-organic
coordination moieties in order to form POM-based MOFs.” The disadvantage of
this method is the occupation of oxygen atoms at POM surface by the metal-

organic fragments, which might limit the catalytic properties of the POM units.

» POMs are used as templates, metal ions as nodes and the organic functional
groups as linkers to compose POM@MOF hybrid compounds.'” The
disadvantage of these hybrid compounds is the cavity of MOFs might be fully
occupied by POM units.

MIL-101

Figure V.1: Structures of different MOFs: HKUST-1, NENU-11, MIL-101 and UiO-67.(The structure of
HKUST-1 is reprinted from reference 5 with the permission from John Wiley and Sons; NENU-11 is reprinted
with the permission from reference 11, Copyright (2017) American Chemical Society; MIL-101 is reprinted from
reference 12 with the permission from Royal Society of Chemistry; UiO-67 is reprinted from reference 13).

Hence, an adequate method to form POM@MOF materials while conserving the properties of

POMs remains a challenge.
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In this chapter, two systems of POM@MOF have been investigated. Firstly, three different
POMs [PW,040]", [PW1,030]” and [P,W306,]° have been inserted to UiO-67 MOF (UiO for
University of Oslo)'*. The electrochemical properties of POM@MOF have been studied and
compared to the corresponding POM. In the second part, POM [Fe4(FeWsO30),(H,0),]'"
(FesWg) has been inserted into three different supports: gelatin, MOFs MIL-101(Cr) and MOF
Ui0O-67, the influence of these three supports on electrochemical properties of POM has been

studied. The structures of these compounds will be presented in the following sections.

2 System of immobilized POMs into UiO-67

2.1 Synthesis method

The compounds have been synthetized by Prof. Pierre Mialane and DR. Anne Dolbecq, Institut
Lavoisier, UMR 8180, Université de Versailles Saint-Quentin en Yvelines. A direct synthetic

method was proposed for the first time:"

ZrCly (116 mg, 0.5 mmol-L™), biphenyl-dicarboxylic acid (121 mg, 0.5 mmol-L™), benzoic acid
(1.83 mg, 15 mmol-L", 30 equivalents) and 1/6 equivalent of POM (0.0833 mmol-L"
[PW 120401 (PW12), [PW11030]" (PW11) or [P;W15062]" (P2W1s)) were dissolved in 10 mL
dimethyformamide (DMF) in a polytetrafluoroethylene-lined stainless steel containers.
Hydrochloride acid 37% (83 pL) was added into the solution. After a short stirring, the mixture
was heating to 120 °C over one hour and kept at 120 °C for 24 hours. After that, the solution
was cool down to room temperature. It should be noted that the monolaculary PW;; would react
with Zr" ions and form [Zr" (H,0)a(PW1,039)]>” (n = 2, 3) complex. The products obtained are
insoluble microcrystalline materials, PW ,@UiO-67, PW;Zr@UiO-67, P,W3@UiO-67,

which were filtered and washed with DMF and acetone.

Prepared samples have characterized by Infrared spectra, elemental analysis, and solid nuclear
magnetic resonance (NMR). These measurements confirmed that the introduction of POM into
the synthetic medium does not disturb the formation of the MOF. N, sorption isotherms shows
that the total pore volumes decrease from UiO-67 to POM@UiO-67 indicating the POMs are
encapsulated in the cavities. However, a significant porosity is leaving for accessing the
nitrogen. More information about the characterizations can be found in reference 13 (see
Appendix).
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2.2 Structure of POM@U10-67

UiO is build up from {Zr'"¢04(OH),} oxocluster nodes and linear dicarboxlate linkers. In UiO-
67, the inorganic octahedral Zrs units are connected to 12 other inorganic subunits through
biphenyl dicarboxylate ligands which lead to a face-centred cubic (fcc) structure (a = 27.1 A).
Two types of cages are found in this MOF: super-tetrahedral (@ ~ 11.5 A) and super-octahedral
(@ ~ 18 A) which is accessible through microporous triangle windows (@ ~ 8 A). Each super-

octahedral cavity can encapsulate one Keggin- or Dawson-type POM.

~12 A

~14 A

Figure V.2: Polyhedral representations of the octahedral cages of (4) UiO-67, (B) [PW12040]3' (PW,), (C)
[PW,039]” (PW,,) and (D) [P:W,1505,] (P2W,s) (Reprinted from reference 13).

2.3 Electrochemical properties

The electrochemical measurements were carried out at room temperature using a conventional
three electrode set-up in pH 2.5 0.5 mol-L™ Na,SO, + H,SO4 buffer solution. For each POM,
three systems have been investigated: POM alone, POM@UiO-67 and POM+UiO-67 by
mechanical mixing method. The powder sample was immobilized on the surface of a basal

plane of the Pyrolytic Graphite (PG) electrode.
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Figure V.3: Cyclic voltammograms of (A) P;W s, (B) P,W,s@UiO-67 and (C) P,W,5+UiO-67 (mechanical
mixing) immobilized on a PG electrode at different scan rate from 0.025 to 1.000 V-s™. (Inset) plots of Lcvs. v
for reduction peaks. D) Reduction potentials of each composite immobilized on PG electrode. Buffer Solution:

pH 2.5 0.5 mol-L” Na,SO, + H,S0,.

[PaW13062]% (PaW 15) immobilized on PG electrode exhibits three successive waves at -0.34 V,
-0.58 V and -0.81 V vs. SCE corresponding to the reductions of W' to W" (Fig. V.3A). A
simple mixture of P,W,3 with UiO-67 (mechanical mixing) did not lead to an evident change
in voltammograms. Three reduction waves were found at similar potentials (Figs. V.3C-D). In
the case of P,W 3@Ui0O-67, a shift of 174 mV to more positive potential is observed at the first
reduction wave while the last two waves are found at similar potentials as two other composites.
Furthermore, the peak current intensities are proportional to the scan rate in the range of 0.1 —
1 Vs, as expect for the surface confined redox process. This behavior is in agreement with
the immobilization of the POMs inside the cavities of the MOF. Similar observations are
obtained with PW; and PW ,@UiO-67 (see Appendix, Fig. S9). These results indicate that the

saturated POMs are encapsulated inside the cages preserve their electrochemical properties.
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Figure V.4: Cyclic voltammograms of (A) PWy,, (B) PW;,Zr@UiO-67 and (C) PW;;+UiO-67 (mechanical
mixing) immobilized on a PG electrode at different scan rate from 0.025 to 1.000 V-s™. (Inset) plots of Lcvs. v
for reduction peaks. D) Reduction potentials of each composite immobilized on PG electrode. Buffer Solution:

pH 2.5 0.5 mol-L™ Na,SO,; + H>SO,.

In the case of [PW,030]” (PW1,), four reduction waves are found at -0.45 V, -0.56 V, -0.69 V
and -0.83 V vs. SCE corresponding to the W"" reductions. As for the P,W s, mechanical mixed
PW,; and UiO-67 did not change the electrochemical responds of POM. In contrast, the two
first reductions waves are not observed in the presence of PW,Zr@UiO-67, while only one
wave around -0.47 V can be seen but difficult to determine the exact potential. After that, two
reduction waves are obtained at -0.71 V and -0.88 V (waves III’ and IV’). This difference can
be attributed to the complexation of monolacunary PW; with Zr'" presents inside the UiO-67
MOF and the formation of PW;,Zr complex encapsulated in UiO-67. Again, the peak current
intensities vary linearly with the scan rate which indicate the PW,;Zr is immobilized inside the

MOF.
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3 System of FecW 5 encapsulated in MIL-101(Cr) or in UiO-67

3.1 Synthesis method

These two POM@MOF are synthesized by Professor Pierre Mialane and DR. Anne Dolbecq,

Institut Lavoisier, UMR 8180, Université de Versailles Saint-Quentin en Yvelines."

[Z16" O4(OH)4(C14HsO04)s 5][Fes (FeWoO30)2(H20)2]0..(DMF), g 1 7TH,0 (FesW1s@Ui0-67) is
prepared through the same synthesis approach described in the part 2.1. A mixture of the
dioctadecyldimethylammonium (DODA", (CH3(CH,)17)2(CH3),N") salt of FegW s, zirconium
tetrachloride, benzoic acid used as crystallization modular, concentrated HCI and biphenyl-
4,4’-dicarboxylic acid was heated at 120 °C for 24 hours in dimethylformamide (DMF). The
obtained solid was cool down to room temperature and then filter and washed with DMF,

chloroform and dry acetone.

[Cr'™5(H20);0(0,CCsH4CO,)3][(FeWoOs30):Fes(H20)2]0.083(NO3)o.17-30H,0

(FesW1s@MIL101-(Cr)) is prepared by impregnation method at room temperature.'
Nag(TMA)4[FesW13]45H,0 and MIL-101(Cr) were mixed in water and then stirred for 24
hours at room temperature. The solid was collected by centrifugation, washed with water,

ethanol and diethylether and then dried at 120°C for 24 hours.

FesWis@Gelatin is prepared by the complex coacervation-based procedure. Two solutions,
one Nag(TMA )4[FesW 15].45 H,0 (0.45g, 2.50 mmol-L ™) solution and one gelatin (10 wt%, 2.50
mmol-L™" in water) solution, were prepared and their pH is adjusted to 3 with 1 mol-L™" HCI
solution. The solutions were heated to 40 °C and then 2.5 mL gelatin solution was added in to
POM solution. An orange gel was quickly formed and was removed from the solution. The gel

was dried for 2 hours and then dropped into liquid nitrogen to obtain the solid product.

The samples are characterized by IR spectra, X-ray, N, adsorption/desorption isotherms. The
details can be found in reference 15. These characterizations indicate that POM are incorporate
within the cavities and not adsorbed at the surface of the MOF and MOF preserve its integrity

structure with the presence of POM.
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Figure V.5. Representations of POM [F€4(F€WgO}g)g(HgO)g]l()_ (FesW,s), UiO-67, MIL-101(Cr), gelatin and the
synthetic routes to the three composite materials A) FesW,5@Gel, (B) FesW 1s@UiO-67 and C) FesW 5@ MIL-
101(Cr). (Reprinted from reference 15 with the permission from John Wiley and Sons).

3.2 Structure

FesWis@Gelatin: FecW 3 POMs are limited in a gelatin network consisted of coils and triple
helices. The orange color of FecWs@Gelatin solid demonstrated the presence of the FesW g
POMs. POMs are isolated by the long polymer chains of gelatin due to the electrostatic

interactions.

FesW1s@UiO-67: two types of cages were observed in the structure supertetrahedral (@ ~ 11.5
A) and superoctahedral (@ ~ 18 A) connected by triangular windows (@ = 8 A) as present in
preview part. Only the octahedral cages can incorporate one FesWs unit for each, the

tetrahedral cages are too small to receive a FegW s unit. The ratio of POM/UiO-67 is equal to

1:10.

FesWis@MIL-101(Cr): MIL-101(Cr) is built up from trimer of Cr™ octahedral linked by

terephthalate anions, two types of mesocage (@ = 29 and 34 A) accessible through micropore
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windows ((@ = 11 and 16 A). The FesW 5 can be only incorporate in the largest cavities while
the window for the smaller cages are too small to allow the penetration of such POM. A strong

electrostatic POM-matrix interaction is obtained. The ratio of POM / MIL-101(Cr) is 1:12.

3.3 Electrochemical properties

The electrochemical property of FesW s POM is firstly studied in a pH 2.5 0.5 mol-L™' Na,SO4
+ H,SO4 (see. Fig. V.6). Six reduction waves were observed at -0.04 V, -0.18 V, -0.38 V, -0.53
V, -0.62 V and -0.68 V vs. SCE. The first three waves (a, b and c) correspond to the multi-step
reductions of Fe'' centers (Fe"™" redox couple) and the last three waves (I, II and III) are

%% . . 17 . s
redox couple, as reported in preview work. * The current intensities of

attributed to the W
peak c and peak I, for instance, are proportional to the square root of the scan rate which indicate

a diffusion-controlled process of FesW 3 POM.

200

-200

|/ pA

-400

600 . . . vy
0.8 -0.6 04 -02 0.0 02

E/Vvs. SCE

Figure V.6: Cyclic voltammograms of FesW,gin pH 2.5 0.5 mol-L” Na>SO, + H>SO, solution at different scan
rates from 0.1 to 1.0 Vs (Inset): plots of L. vs. V12 for peak ¢ (Fe™" redox couple) and peak I (W' redox
couple).

The solid samples FesWis@MIL-101, FesW i s@UiO-67 and FecWis@Gelatin  were
immobilized on a PG electrode surface, the measurement is carried out in a pH 2.5 0.5 mol-L™!
NaySO4 + H,SOy4 solution. It has to note that no electrochemical signal was detected for

FesW s@Gelatin, probably due to the insulating character of gelatin.
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Figure V.7: Cyclic voltammograms of FesW 5@UiO-67 immobilized on PG electrode in pH 2.5 0.5 mol-L”
Na,SO,+ H>SO,solution at different scan rates from 0.1 to 2.0 I{"v'l. (Inset): plots of I, vs. v for peaks b, c
(Fe"™ redox couple) and peak I (W redox couple).

For FeW 135@UiO-67 immobilized on PG electrode surface, cyclic voltammograms exhibit five
successive waves at -0.02 V, -0.18 V, -0.44 V, -0.57 V and -0.65 V vs. SCE. The first three

. 1II/11 . . VI/V
reduction waves (a, b and ¢ for Fe' " redox couple) are remained while for W

reduction,
two reduction waves are observed (I and II). The peak current intensities vary linearly with the
scan rate in the range of 0.1 —2.0 V-s™', which confirm the surface-confined redox process. The
peak-to-peak separations (AE,) calculated are between 0.00 and 0.02 V and the ratio i,./ipc (ipa
and iy, indicate anodic and cathodic peak current, respectively) is close to one. Consequently,
this behavior is in agreement with the immobilization of the FecW s inside the cavities of the

MOF.
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Figure V.8: Cyclic voltammograms of FesW s@MIL-101(Cr) immobilized on PG electrode in pH 2.5 0.5 mol-L”
Na>SO,;+ H,SO, solution at different scan rates from 0.1 to 2.0 V-s™. (Inset): plots of L. vs. v for peak c (Fe"™™
redox couple) and peak I W redox couple).
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In the case of FesW s@MIL-101(Cr) immobilized on PG electrode, two reduction waves of
WYV are observed at -0.56 V and -0.65 V vs. SCE, similar to FesWs@Ui0-67 (-0.57 V and -
0.65 V). The reduction waves are better defined for FesW;s@MIL-101(Cr) than for
FeqW 15@UiO-67. For Fe™™ redox couple, the waves a and ¢ retain (at -0.02 and -0.38 V
respectively). It has to note that the second step of Fe reduction (wave b) is not detected which
is due to the weak electrochemical signal. Compared to the FesW 3 POM, one additional well-
defined pair of peaks at E,, = 0.25 V and E,. = 0.27 V is detected and attributed to the !
redox process, corresponding to the reduction of the MIL-101(Cr), in agreement to the preview

work. '

The reduction potential of FesWs in solution, FecWs@MIL-101, FesW 13@UiO-67 and
FesW s@Gelatin immobilized at a PG electrode are summarized in Table V.1. The FesW 3
immobilized on PG electrode surface have also been tested. Unfortunately, the immobilized
FeqW s is not stable enough at electrode surface for the electrochemical measurement due to

important desorption.

Fe reduction W reduction
Compounds
E(®) vs. SCE/V E(®) vs. SCE/V
FesWis -0.04 -0.17 -0.38 -0.53 -0.62 -0.68
FesWs@MIL-
oWis@ -0.02 b -0.38 -0.58 -0.65 b
101(Cr)
FesW 15@Ui0-67 -0.02 -0.18 -0.44 -0.57 -0.65 _b
Fe6W18@Gelatina - - - - - -

. b
% no signal measured. °: wave not observed

Table V.1: Reduction potentials of FesW s in solution, FesW1s@MIL-101, FesW ,5@UiO-67 and FesW 5@ Gelatin
immobilized at a PG electrode surface. Buffer solution: pH 2.5 0.5 mol-L” Na,SO, + H>SO, v=10 mV-s™.
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3.4 Electrocatalytic properties toward nitrite reduction

A preliminary study of electrocatalysis of nitrite by immobilizing FecW3@MIL-101(Cr) or
FesW13s@UiO-67 on PG electrode is shown in Fig. V.9. The reduction current starts to increase

at -0.20 V vs. SCE with both of these two POM@MOF and this potential corresponds to the

1II/11

second step of Fe'" reduction (Fe""" redox couple). An enhancement of catalytic current is

observed after -0.40 V vs. SCE, after the third reduction step of Fe"""

couple. However, the
stability of this heterogeneous catalyst on electrode surface during the catalysis reduction

remain as a challenge. Adding a layer of Nafion to the surface of catalyst could be contemplated.

40 50
B)
20 o
0
-50 4
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< 40/ < 1001
= -60 1 = -150
80 4
-200 -
-100 4 )
Fes@Mil-101(Cr) 250 Fe,@UiO-67 )
-120 1 Fe,@Mil-101(Cr) + 0.01 M NO," — Fe,@Ui0-67+0.01 M NO,
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Figure V.9: reduction of 0.01 mol-L’! NaNO; in the presence of (A) FesW s@MIL-101(Cr) or (B) FesW s@UiO-
67 immobilized on PG electrode. Buffer solution: pH 2.5 0.5 mol'L'/NagSO4 + H>SO,, scan rate: v=10 m Vs,

4 Conclusion

In this chapter, we have studied the electrochemical properties of POM encapsulated in the
cavities of MOF. In the first system, insertion of different type of POMs into UiO-67 MOF,
cyclic voltammetry studies have confirmed the direct formation of PWZr during the synthetic
process and demonstrated that the saturated POMs are encapsulated inside the cages preserve

their electrochemical properties. In the second part, we have shown that the Fe-substituted POM

1II/11 VI/'V

retain its electrochemical signals for Fe™ redox couple and W""" redox couple after loading
in the structure of two MOF. However, no electrocatalytic signal is detected for POM@Gelatin
due to the insulating character of gelatin. We have also shown that Fe-substituted POM
encapsulated in MOF is active for nitrite reduction, reveals a compelling direction to form

POM-based heterogeneous catalysis toward NOy reduction.
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Still, significant challenges remain:
» Better matching of POMs with MOFs in terms of sizes, shapes, charges, etc., especially
for specific catalysis application.
» Amelioration of electrocatalytic reaction’s conditions such as pH, buffer solution, scan
rate, according to the choice of MOF as well as POM.
» Better stabilizing the catalyst film on the electrode surface.
» Formation of a stable POM@MOF system for electrocatalytic reduction of nitrite and

nitrate.
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General Conclusion

The objective of the present thesis was to investigate the electrocatalytic performances of hybrid
materials associating polyoxometalates (POMs) with Cu or Ag nanoparticles for the nitrate and

nitrite reductions, and try to find out the factors which influence the catalytic reduction.

First, we have investigated the nitrite and nitrate reduction in the presence of POM [SiW2040]"
on silver or copper bulk electrodes in Chapter II. In agreement with the literature, Cu and Ag
bulk electrodes alone are active toward nitrite reduction in both pH 1 and pH 5 solutions, while
the glassy carbon (GC) electrode was found to be rather inactive. The catalytic properties of Cu
or Ag bulk electrodes in the presence of this POM have been investigated in aqueous solutions
of various pH and compared to the ones of the Cu and Ag electrodes in the absence of POM as
well as the ones of the POM on glassy carbon electrode. Based on electrochemical studied,
POM [SiW1,040]" are adsorbed on Cu and Ag surfaces even for as low as potential -0.50 V vs.
SCE in pH 1 solution and in pH 5 solution. In contrast, POMs redox properties are diffusion
controlled when using a GC electrode. Hence the interactions between POM and electrode
surfaces affect its electrochemical properties. In the presence of POM in solution, the catalytic
onset potential is positively shifted and the catalytic current increases especially at potentials
that POM reduced. Interestingly, a synergy between Cu and POM is observed in the potential
range between -0.40 V and -0.57 V vs. SCE in pH 1 solution. In the case of nitrate reduction,
POM [SiW12040]* is not active with a glassy carbon working electrode but an enhanced activity
is observed on Cu and Ag electrodes. As POM shows a positive effect for the NOx (NOs3™ and
NO,/HNO,) reduction on Cu and Ag bulk electrodes, we have investigated the NOy reduction

in the presence of POM-protected Cu nanoparticles or POM-protected Ag nanoparticles.

In Chapter III, two groups of compounds have been examined. The first group is three Cu-
substituted POMs (CuPOMs) , , . In the second group, an
alendronate copper complex (CuAle) [Cug(Ale)s(H20)4]* has been grafted to the above
compounds to form CuPOM/Ale P, W;sCuAle, SiWoCuAle and SbWoCuAle respectively. For
these six compounds, all the Cu" ions in the structure were reduced to form Cu’ nanoparticles
during the reduction of CuPOMs, the POMs species being probably adsorbed at the copper
nanoparticles’ surface. The size and density of Cu” nanoparticles deposited on the glassy carbon
electrode increase with the deposition time. The mass of CuPOM electrodeposited has been

calculated based on EQCM measurements and was found to increase with the number of Cu
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ions in the structure. The electrocatalytic reductions of NOy have been studied first with
CuPOMs. An efficient catalysis toward nitrite reduction was observed for all the samples and
the catalytic performance of CuPOMs species were found to be better than a simple Cu salt
(CuSOy) or Cu electrode alone. Two catalytic waves were observed during the electrocatalytic
reduction of nitrite ions, the first one was found at the potential of Cu" reduction and the second
one was at the W"' reduction. In the case of nitrate, only one catalytic reduction wave was
observed after the formation of Cu’ nanoparticles and after the reduction of W"', which
indicates the nitrate catalysis is due to the collaboration between the Cu nanoparticles and POM
units. Interestingly, no catalytic performance was observed in the presence of , even
though the Cu nanoparticles were still formed during the reduction. This absence of catalytic
current was attributed to the blocking of the Cu surface by the adsorbed POM. Hence, the choice

of POM is very important for nitrate reduction.

After grafting copper alendronate CuAle complex to the presented CuPOMs, the catalytic
properties were ameliorated in both pH 1 and pH 5 solutions. A decrease of the overpotential
and an increase of catalytic current were observed showing CuAle complex acted as a cofactor
during the catalysis. This improvement might be attributes to the better stabilization of Cu'

species in the presence of Ale ligand and also to the earlier formation of the Cu nanoparticles.

Among these six compounds, P,W5CuAle has been demonstrated as the most active catalyst
towards nitrate and nitrite reduction. We have also investigated the influence of pH of the
solution with this compound and pH 2 being the best for nitrite reduction. A nitrate sensor can
be build using P,W,;sCuAle as electrocatalyst, a linear dependence range of 0 to 20 mmol-L™

in pH 1 solution and a narrower range of 0 to 10 mmol-L" was found at pH 5.

In Chapter IV, Ag nanoparticles prepared by photocatalytic reduction of silver ion in catalysed
by the POMs [SiW1,040]" under illumination were immobilized on GC electrode. By adjusting
the concentration of POMs, spherical silver nanoparticles with uniform size distribution (ca. 20
nm) can be obtained in few minutes. The mass concentration of Ag@SiW 2049 nanoparticles
solution was estimated based on EQCM measurements (ca. 2.80 to 4.42 g-L™"). The formed
Ag@SiW 1,040 nanoparticles were stable in solution for more than three months based on their
signature in UV-visible spectra. Ag@SiW 1,049 nanoparticles were dropped on electrode
surface to form the catalyst films. A layer of Nafion added at the end of deposition can better
fix the catalyst film. Electrochemical reduction of NOy” (NOs;™ and HNO,/NO;") was studied.

We have demonstrated that AgNPs and [SiW1,040]" act in tandem in pH 1 solution resulting
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in a significant improvement of the reduction current. In pH 5 solution, a smaller improvement
was observed but the Ag@SiW 2049 nanoparticles films were still active in NaNO, solution
after 750 potential cycles between 0 V and -1.05 V vs. SCE and at a scan rate of 20 mV s™'. In
contrast to [SiW1,040]" alone, Ag@SiW 1,04 is active for nitrate reduction, showing that the
presence of silver is necessary to catalyse nitrate reduction. In addition, Ag@SiW 2,04
nanoparticles films have been demonstrated to be more active than using Ag bulk electrode no
matter the [SiW1,040]" is present or not. A nitrate sensor can be expected in the concentration

range of 50 mmol-L™" to 200 mmol-L™' which may complete the published studies.

Finally, in Chapter V, we have shown that POMs encapsulated in the MOFs (UiO-67 or MIL-
101) conserve their electrochemical properties after being immobilized on electrode surface.
No response was detected for POM@gelatin due to the insulating character of gelatin. A
preliminary study was also presented, in which Fe-substituted POM were still active toward
nitrite reduction after being encapsulated in MOFs. The catalytic current was observed at the

1

potential that Fe'' reduced and enhanced at the W"" reduction waves. This observation may

reveal a new direction to form POM-based heterogeneous catalysis toward NOy catalysis.

Continuation of this work includes the characterization of the POM-protected nanoparticles by
using X-ray photoelectron spectroscopy (XPS), in-situ Transmission Electron Microscopy (in-
situ TEM), etc. The identification of the products and their amount should be quantified by
Differential Electrochemical Mass Spectroscopy (DEMS), Gas Chromatography (GC) and
Fourier-Transformed Infrared Spectroscopy (FT-IR).

More particularly, in the system of CuPOMs, the complexe CuAle should be investigated
independent in order to better understand the influence of chemical environment of Cu ions.
For the Ag@POM and POM@MOF systems, the choice of POM can be varied to find out the
best matching candidates and the experimental condition should be modified in order to adapt
to the catalyst. Furthermore, the catalyst film should be better fix on electrode surface by

varying the quantity of the Nafion quantity or by embedding the catalyst in a polymer matrix.
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Reagent and apparatus

Regent

NaNOs, extra pure Merck KGaA N° CAS : 7631-99-4
NaNO,, extra pure Merck KGaA N° CAS : 7632-00-0

propan-2-ol, 99.8% Fluka N° CAS : 67-63-0
Ag>S04,>99.9% Sigma-Aldrich N° CAS : 10294-26-5
CH3;COOLi-2H,0, > 97% Sigma-Aldrich N° CAS : 6108-17-4

CH;COOH, > 99.7% Sigma-Aldrich N° CAS : 64-19-7
H,SO04, 96% Merck KGaA N° CAS : 7604-93-9
Na,S0y, extra pure Acros organics N° CAS :7757-82-6
Nafion, 5%wt. Sigma-Aldrich N° CAS :31175-20-9
CuSO, anhydrous Sigma-Aldrich N° CAS :7758-98-7

Electrochemistry Voltammetric and electroreduction have been performed with a standard
three-electrode system using a PARSTAT 2273 potentiate. Glass carbon (GC) electrode, single-
side coated indium-tin-oxide (ITO, SOLEMS, 25-35 Q/cm™) electrodes, or pyrolytic graphite
(PG) disk electrode have been used as working electrode. A platinum wire has been used as an
auxiliary electrode. The reference electrode was a saturated calomel electrode (SCE). It was

electrically connected to the solution by a junction bridge filled with the electrolyte.

Electrochemical quartz crystal measurement A QCA-922 (SEIKO EG&G instrument)
system combined with Versa STAT 3 was used for simultaneous quartz crystal measurement
and cyclic voltammetric measurements. The electrochemical cell was assembled in a glove box
using an carbon AT-cut quartz crystal resonator (mirror finished, resonant frequency: 9.08 MHz
+50kHz, A=0.2 cmz, SEIKO EG&G., LTD) as working electrode, a platinum wire as counter

electrode, and a Ag/AgCl wire as a quasi-reference electrode.
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UV-visible spectroscopic measurements UV—vis absorption spectra have been recorded on
an Agilent 8453 spectrophotometer with A 300 W Xe arc lamp equipped with a water cell filter

to absorb the near-IR radiation.

Atomic force micrographs (AFM) measurement. AFM have been conducted directly on the
ITO surfaces using a Dimension 3100 (Veeco) in the tapping mode under ambient conditions.
Silicon cantilevers (Veeco probes) with a spring constant of 300 N/m and a resonance frequency

in the range of 120—139 kHz have been used. The scanning rate was 1.0 Hz.
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Chapter III Electrochemical and electrocatalytic properties of Cu-

substituted polyoxometalate/alendronate
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Figure S1: A) CV of 0.1 mmol-L™ CuSO, in pH 5 1 mol-L”" CH;COOLi + CH3;COOH solution, v =2 mV-s". B)
Variation of scan rates of 0.1 mmol-L”" CuSO, in pH 5 1 mol-L”" CH;COOLi + CH;COOH solution (from inner
to outer curve: 10, 20, 30, 40, 50, 60, 70, 80, 90, and 100 m V-s'l). The potential reversal is fixed after Cu to Cu
redox process. (Inset) Variation of the cathodic peak current intensity as a function of the square root of the scan
rate.

6 2
A) B)
4 £
0
5 | P,W,sCu, /
< < 0.0
= = 05
- 0 =2 1.0
<
= 5
2 T 20
4 25
2 4 6 8 10
P ‘ , , , , , ' ' ' v'/zlmV1/2.s'1:2
-10 -08 -06 -04 02 00 02 04 -0.2 0.0 0.2 04
E/V vs. SCE E/V vs. SCE

Figure §2: 4) CV of 0.1 mmol-L”’ PW;sCuyin pH S5 1 mol-L” CH;COOLi + CH;COOH solution, v =2m Vs,

B) Variation of scan rates of 0.1 mmol-L” P,W;sCuyinpH 5 1 mol-L”’ CH;COOLi + CH;COOH solution (from

inner to outer curve: 10, 20, 30, 40, 50, 60, 70, 80, 90, and 100 m V-s'l). The potential reversal is fixed after cu”

to Cu' redox process. (Inset) Variation of the cathodic peak current intensity as a function of the square root of
the scan rate.
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Figure S3: A) CV of 0.1 mmol-L™" SbyW,5Cus in pH 5 1 mol-L™" CH;COOLi + CH;COOH solution, v =2 mV-s".

B) Variation of scan rates of 0.1 mmol-L” SbW;sCus in pH 5 1 mol-L”! CH;COOLi +CH;COOH solution (from

inner to outer curve: 10, 20, 30, 40, 50, 60, 70, 80, 90, and 100 m V~s'1). The potential reversal is fixed after cu”

to Cu' redox process. (Inset) Variation of the cathodic peak current intensity as a function of the square root of
the scan rate.
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Figure S4: A) CV of 0.1 mmol-L-1 SbW9CuAle in pH 5 1 mol-L-1 CH3COOLi + CH3COOH solution, v = 2
mV-s-1. B) Variation of scan rates of 0.1 mmol-L-1 SbW9CuAle in pH 5 I mol-L-1 CH3COOLi +CH3COOH
solution (from inner to outer curve: 10, 20, 30, 40, 50, 60, 70, 80, 90, and 100 mV-s-1). The potential reversal is
fixed after Cull to Cul redox process. (Inset) Variation of the cathodic peak current intensity as a function of the
square root of the scan rate.
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Figure §5: A) CV of 0.1 mmol-L” SiWeCuyinpH 5 1 mol-L” CH;COOLi + CH;COOAH solution, v = 2 mv-s. B)
Variation of scan rates of 0.1 mmol-L SiWyCuyin pH 5 1 mol-L” CH;COOLi +CH;COOH solution (from inner
to outer curve: 10, 20, 30, 40, 50, 60, 70, 80, 90, and 100 mV'S'I). The potential reversal is fixed after Cu to Cu’
redox process. (Inset) Variation of the cathodic peak current intensity as a function of the square root of the scan

rate.
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Figure S6: A) CV of 0.1 mmol-L™" SiWsCuAle in pH 5 1 mol-L”" CH;COOLi + CH;COOH solution, v =2 mV-s"

B) Variation of scan rates of 0.1 mmol-L" SiWoCudlein pH 5 1 mol-L”" CH;COOLi + CH;COOH solution (from

inner to outer curve: 10, 20, 30, 40, 50, 60, 70, 80, 90, and 100 mV-s'l). The potential reversal is fixed after cu”

to Cu' redox process. (Inset) Variation of the cathodic peak current intensity as a function of the square root of
the scan rate.
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Figure S7: CV of 0.1 mmol-L™" samples in pH 1 0.5 mol-L™ Na>SO, + H>SO, solution, v =2 mV-s™.
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Figure S8: Reduction of NOs in presence of 0.1 mmol-L” SbWoCudlein pH 5 1 mol-L”" CH;COOLi +
CH;COOH (4) or in pH 10.5 mol-L” Na,SO,+ H,SO4 (B), v=2mV-s".
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Chapter V Immobilization of polyoxometalates in the metal organic

framework (POM@MOF)
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Figure 89: Cyclic voltammograms of (4) PW 2, (B) PW ,@UiO-67 and (C) PW,+UiO-67 (mechanical mixing)

immobilized on a PG electrode at different scan rate from 0.025 to 1.000 V-s”. (Inset) plots of L. vs. v (4) and
L. vs. v (B) for reduction peaks. D) Reduction potentials for each composite immobilized on PG electrode. Buffer
solution : pH 2.5 0.5 mol'L'lNa2S04 +H,S0,.
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ABSTRACT: Three compounds associating for the first time i ™
polyoxotungstates, bisphosphonates, and copper ions were x 72 s
structurally characterized. They consist in heteropolyanionic & il
monodimensional materials where [Cug(Ale),(H,0),]* (Ale £ -

27 1

= alendronate = [O;PC(O)(C;HNH;)PO;]*") complexes
alternate with polyoxometalate (POM) units. In
Nan[{SiW9034Cu3(Ale)(HZO)}{CuG(Ale)4(HZO)4}]'SOHZO
(SiW,CuAle), the polyoxometalate core consists in a R 5
{SiW,Cu;} monomer capped by a pentacoordinated Ale HzNW g . l [NO; ] 2
ligand, while sandwich-type Keggin {(SbW,0s;;),Cus- o $ B
(HZO)Z.SC]().S} and Dawson {(P2W15056)2CU4(H20)2} com- 3 i

plexes are found in NagLi,o[{(SbWy03;),Cu;(H,0),Clys},- Ale O N
{Cus(Ale)4(H,0)4}3]-163H,0 (SbWyCuAle) and
Nay[{ (P,W,5054),Cu,(H,0),}{Cuy(Ale) ,(H,0),}]-S0H,0 (P,W,;CuAle), respectively. A comparative magnetic study of
the SiW,CuAle and SbW,CuAle compounds enabled full quantification of the Cu" superexchange interactions both for the
POM and non-POM subunits, evidencing that, while the paramagnetic centers are anti-ferromagnetically coupled in the
polyoxometalate units, both anti-ferromagnetic and ferromagnetic interactions coexist in the {Cug(Ale),(H,0),} cluster. All the
studied compounds present a good efficiency upon the reduction of HNO, or NO, ", the POM acting as a catalyst. However, it
has been found that SbW,CuAle is inactive toward the reduction of nitrates, highlighting that both the {(SbWy03;),Cus} unit
and the {Cuy(Ale),(H,0),} cluster do not act as electrocatalysts for this reaction. In contrast, SiW,CuAle and P,W,;CuAle have
shown a significant activity upon the reduction of NO;™ and thus both at pH 1 and pH §, evidencing that the chemical nature of
the polyoxometalate is a crucial parameter even if it acts as precatalyst. Moreover, comparison of the activities of P,W,;CuAle
and [(P,W5054),Cu,(H,0),]"~ evidenced that if the [Cug(Ale),(H,0),]* cluster does not act as electrocatalyst, it acts as a
cofactor, significantly enhancing the catalytic efficiency of the active POM.

74 0.5
0 50 100 150 200 250 300
TIK

B INTRODUCTION insulated complexes of controlled nuclearity and topology,
these inorganic or hybrid materials constitute ideal models for
magnetic investigations.6 Moreover, these last years, several
POM compounds behaving as single-molecule magnets have
been characterized.” 3d-containing polyoxotungstates have also
been wideLy investigated for their catalytic and electrocatalytic
precursors” able to incorporate from one to 20 3d centers, a PrOpecties. 15— or example, the ability of the [Coll4(HZQ)2'
vast family of 3d-incorporating inorganic compounds with a (PW,03,),]""" complex to 3Cg as a rob'ust.water oxidation
tremendous variety of compositions and structures has been catﬁlyst thas beer.lnden}l?nstrated. The epoxldatlon. of ]a})lkene.s by
obtained.” Organic—inorganic hybrid 3d metal-POTs have also Zn’, Fe™, or Ni'/Fe™ POTS has also been studied.™ Besides,
been isolated using a large range of secondary oxygen ((poly)

Among polyoxometalates (POMs)," polyoxotungstates (POTs)
and especially the Dawson- or Keggin-type POT derivatives
occupy a specific place, as they represent perfect candidates for
the multistep elaboration of POM-based materials. In
particular, starting from well-known vacant polyoxotungstate

carboxylate)” and nitrogen (ethylenediamine, (poly)pyridine, Received:  October 23, 2015
azide,...)” containing ligands. As they represent a class of well- Published: February 4, 2016
ACS Publications  © 2016 American Chemical Society 1551 DOI: 10.1021/acs.inorgchem.5b02456
g Inorg. Chem. 2016, 55, 1551-1561

- 149 -



Appendix

Inorganic Chemistry

Table 1. Crystallographic Data for SiW,CuAle, SbW,CuAle, and P,W,;CuAle

SiW,CuAle SbW,CuAle P,W,;CuAle
empirical formula SiW,0,,,Cuy C,H ;NP (Na;, Sb,W34Cu,,P,,C g N H 6CINagLiy 0O 506 P, W30Cu,oC ¢H 45N, O96Nay,
formula weight, g 5218.4 17 346.2 105154
crystal system monoclinic triclinic monoclinic
space group P2, /c PI P2/c
a/A 23.3560(8) 22.384(3) 32.256(3)

b/A 22.4995(8) 32.340(4) 28.454(3)
¢ /A 28.2725(9) 34.221(4) 27.131(2)
a/° 90 75.951(4) 90
p/° 99.6330(17) 78.016(5) 93.400(4)
yi/° 90 78.695(5) 90
V/A? 14647.7(9) 23229(5) 24857(9)
z 4 2 4
T/K 200 200 200
Pec/g cm 2370 2304 2,654
u/mm™" 8.577 10.359 14.838
data/parameters 42833/1636 82318/4165 43911/2165
R 0.0984 0.0954 0.1015
GOF 1.072 1.031 1.037
R (>20(1)) R,“ = 0.0827 R/“ =0.0918 R, = 0.0806
wR,” = 0.1890 wR,” = 0.2469 wR,” = 02163
IEl—IEl 3 W(EE_E2)?
= EE'F' By | Ez(iov(rgz)ﬁl)

the electrocatalytic activity of these materials has been
investigated, focusing mainly on the NO, reduction. Especially,
a huge number of 3d POTSs have been found to reduce nitrites
electrochemically.'" In contrast, much less-substituted POTs
have been found to be active toward nitrate electroreduction. In
short, it has been found that some POTs incorporating Cu' '
113 centers can be highly active for the reduction of
NO;™. More recently, it has been shown that a POT
incorporating Ni" centers and bisphosphonate (BP) ligands is
also able to efficiently reduce nitrate into nitrogen.'* Herein we
report on a series of BP/POT/Cu" compounds. The reactivity
of three different vacant POTs ([A-a-SiW,0,,]'"", [a-
SbW,053]°7, and [a-P,W O], respectively) with the
[O,PC(OH)(C;HNH,)PO;]*" alendronate ligand (Ale) and
Cu" jons was intensely investigated, and three new compounds
were structurally characterized. Surprisingly, they all contain
chains built of two anionic fragments where POM units—the
POM being purely inorganic or incorporating the alendronate
ligand—and copper/alendronate multinuclear clusters alter-
nate. The magnetic properties of two of these compounds were
thoroughly studied, allowing quantifying the magnetic exchange
interactions both within the POM complexes and the copper/
alendronate entities. The abilities of these three compounds to
electrochemically reduce nitrites and nitrates were evaluated
and compared, highlighting that the nature of the POM plays a
crucial role in the electrocatalytic activity even if these materials
can act as pre-electrocatalysts since the reduction of the nitrate
ions occurs at a potential lower than the one of the Cu(II/T)
reduction. Also, the ability of the copper/alendronate entity to
act as a cofactor is discussed.

B EXPERIMENTAL SECTION

Synthesis. All reagents were purchased and used without further
punﬁcatmn except alendronic acid H,[O ‘PC(OH)(C;HGNHq)PO ]
(Ale),"* Ky [(SbW,04:),{Cu(H,0)},]-41H,0 - (Sb,W,4Cuy),"
Nao[A-a-SiW,0,,]-xH,0 (SiW,),> Naj,[a-PW, 044)-24H,0
(P,W,,),> and Nag[a-SbW9033]~19.5HZO (SbW,),"” which were
synthesized according to reported procedures.

1552

Preparation of Nay,[{SiW,0,,Cu;(Ale)(H,0)}{Cus(O,PC(0O)-
(C;H,NH,)PO;),(H,0),}]-50H,0 (SiW,CuAle): Naj,[a-SiW,05,]-
nH,O (500 mg, 1.78 X 107* mol (n = 20)) and CuCl,-2H,0 (121 mg,
7.09 X 10~* mol) were dissolved in 10 mL of water, and the pH was
adjusted to 7.5 with 1 M NaOH. Then, alendronic acid (93 mg, 3.73 X
10~* mol) was added, and the pH was readjusted to 7.5 with 1 M
NaOH. The solution is stirred for 2 h at room temperature and let
slowly evaporate. After one week, green needle crystals suitable for X-
ray diffraction studies are collected and washed with ethanol and ether
(m = 250 mg; yield = 64% based on Ale). Anal. Calcd (found) for
SiW,0,120Ct1yCapH, 4 NsPoNay, (MW = 52184 gmol™): W 3171
(29.72), Cu 10.96 (11.06), P 5.93 (5.89), Na 5.29 (5.44), C 4.60
(4.64), H 2.84 (2.51), N 1.34 (1.18). IR (v/em™): 1626 (m), 1511
(m), 1472 (m), 1395 (w), 1109 (m), 1054 (s), 1115 (m), 980 (m),
967 (m), 950 (m), 930 (m), 911 (m), 878 (s), 804 (s), 671 (s), 559
(s), 509 (s).

Preparation of NagLi,o[{(SbWy03;),Cus(H,0), 5Clys},-
{Cug(05PC(0)(C3HgNH;)PO;)4(H,0),};]-163 H,O (SbW,CuAle):
Nag[a-SbW043]-19.5H,0 (570 mg, 2 X 10~* mol) and alendronic
acid (80 mg, 3.21 X 10~* mol) are dissolved in 10 mL of water. Then,
CuCl,-2H,0 (108 mg, 6.33 X 107* mol) is added, and the pH is
adjusted to 8 with 1 M NaOH. The solution is stirred for 1 h at room
temperature. The addition of 750 mg of NaCl leads to the
precipitation of a green powder, which is redissolved in 20 mL of 1
M LiCl. After one week, green needle crystals suitable for X-ray
diffraction studies are collected and washed with ethanol and ether (m
= 200 mg; yield = 43% based on Cu). Anal. Caled (found) for
Sb,Wi35Cuy,P5,CyeN 5 H,yyy CINagLi 00305 (MW = 17 322.5 g'mol™'):
W 3821 (37.30), Cu 8.80 (8.82), P 4.29 (4.32), C 3.33 (3.41), H 2.58
(2.19), N 097 (0.93), Na 1.06 (1.00), Li 1.16 (1.13). IR (v/cm™"):
1625 (m), 1493 (m), 1396 (w), 1115 (m), 1049 (s), 932 (s), 864 (s),
682 (s), 566 (s), 505 (s).

Preparation of Na,o[{(P,W;304),Cu,(H,0),}H{Cus(05PC(O)-
(C3H¢NH,;)PO;),(H,0),}]-50H,0 (P,W,sCuAle): CuCl,-2H,0
(60 mg, 4.46 X 10™* mol) and alendronic acid (45 mg, 1.80 x 107*
mol) are dissolved in 20 mL of water. Then, Naj,[a-P,W ;O]
24H,0 (750 mg, 1.74 X 107* mol) is added as a solid, and the pH is
adjusted to 7 with 1 M NaOH. The solution is stirred for 2 h at room
temperature. Finally, NaCl (40 mg) is added, and the solution is left to
crystallize. After two weeks, green rod crystals suitable for X-ray
diffraction studies are collected and washed with ethanol and ether (m
152 mg; yield = 32% based on Ale). Anal. Caled (found) for
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P, W3,Cu;oC H 45N, O 06Nay, (MW = 105154 gmol™): P 3.53
(3.67), W 52.45 (50.07), Cu 6.04 (6.05), C 1.83 (2.10), H 1.42 (1.74),
N 053 (0.53), Na 4.37 (4.28). IR (v/cm™): 1622 (m), 1494 (m),
1395 (w), 1118 (m), 1081 (s), 1051 (s), 1015 (m), 933 (s), 877 (s),
727 (s), 687 (s), 577 (s), 558 (s).

Physical Measurements. Elemental analyses of the solids were
performed by the “Service de microanalyses ICSN CNRS”, in Gif sur
Yvette (France), and by the “Service d’Analyse du CNRS”, in
Vernaison (France). FT-IR spectra were recorded in the 4000—400
cm™' range on a Nicolet 30 ATR 6700 FT spectrometer. Single-crystal
X-ray intensity data collections were performed with a Bruker Nonius
X8 APEX 2 diffractometer equipped with a CCD bidimensional
detector using Mo Ka monochromatized radiation (1 = 0.71073 A).
The absorption corrections were based on multiple and symmetry-
equivalent reflections in the data sets using the SADABS program'*®
based on the method of Blessing.'” The structures were solved by
direct methods and refined by full-matrix least-squares using the
SHELX-TL package.”” In the three reported structures, there is a
discrepancy between the formulas determined by elemental analysis
and that deduced from the crystallographic atom list because of the
difficulty in locating all the disordered water molecules and alkali jons.
Disordered water molecules and counterions were thus refined with
partial occupancy factors. The hydrogen atoms were theoretically
located on the basis of the conformation of the supporting atoms. The
crystallographic data are gathered in Table 1. CCDC numbers:
1431904 (SiW,CuAle), 1431905 (SbW,CuAle), and 1431906
(P,W,sCule).

Magnetic Measurements. Magnetic measurements on powder
were performed with a Quantum Design SQUID Magnetometer with
an applied field of 1000 G using powder samples pressed in pellets to
avoid preferential orientation of the crystallites. The independence of
the susceptibility value with regard to the applied field was checked at
room temperature. The susceptibility data were corrected from the
diamagnetic contributions as deduced by using Pascal’s constant tables.
The susceptibility times temperature as a function of temperature
curves were simulated using MAGPACK.”'

Electrochemistry. The solutions were deaerated thoroughly for at
least 30 min with pure argon and kept under a positive pressure of this
gas during experiments. Electrochemical measurements were per-
formed on a PARSTAT 2273 potentiostat at room temperature under
argon atmosphere. A three-electrode system was used with a glassy
carbon (GC, Tokai Japan) electrode as a working electrode, a platinum
wire as auxiliary electrode, and the reference electrode was the
saturated calomel electrode, which was electrically connected to the
solution by a junction bridge filled with electrolyte. The buffer
solutions were prepared from the following solution, 1 mol-L™'
CH,COOLi + CH;COOH (pH 5) and 0.5 mol L™' Na,SO, +
H,S0, (pH 1).

B RESULTS AND DISCUSSION

Synthesis and Structures of SiW,CuAle, SbW,CuAle,
and P,W,;CuAle. Na,[{SiW,05,Cu;(Ale)(H,0)}-
{Cuq(Ale),(H,0),}]-50H,0 (SiW,CuAle) can be obtained
in good yield (64%) in water (pH = 7.5) at room temperature
from the reaction of [A-a-SiW,0;,]'®", CuCl, and alendro-
nate. SiW,CuAle results from the cocrystallization of two
distinct polyanionic units, the polyoxometalate/copper/alendr-
onate [SiW,0;,Cu;(Ale)(H,0)]*~ complex (Figure la) and
the copper/alendronate [Cug(Ale),(H,0),]* cluster (Figure
1b). In SiWyCuAle, all the alendronate ligands are tetraanionic,
the global charge of the compound being compensated by 12
sodium cations. In the {SiW,05,Cu;(Ale) (H,0)} POM, the 3d
metal cations fill the vacancies of the {SiW,} precursor, the
three Cu' ions forming a pseudoisosceles triangle (dcy..co =
3.67 and 3.84—3.85 A, respectively). Each paramagnetic center
is connected to three oxygen atoms of the silicotungstate
ligand, and an alendronate ligand caps the {SiW,Cu;} fragment,
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Figure 1. Ball-and-stick representations of (a) the monomeric
{SiW,0;4Cu;(Ale)(H,0)} Keggin building unit found in SiW,CuAle;
(b) the {Cu4(Ale),(H,0),} unit common to SiW,CuAle,
SbW,CuAle, and P,WsCuAle, and (c) the 1D structure of
[{SiW,03,Cu;(Ale) (H,0) }{Cuy(Ale) ,(H,0),}]**". Blue octahedra,
WOy; purple tetrahedra, SiO,; green spheres, Cu; orange spheres, P;
black spheres, C; blue spheres, N; red spheres, O. Hydrogen atoms
were omitted for clarity.

connecting two copper ions of two edges of the triangle via one
O—P—O bridge, respectively. In the third edge, the d’ centers
are directly connected via the deprotonated alkoxo group of the
Ale ligand and via a long O—P—C—P—O bridge. All the 2p
orbitals of the Ale bridging oxygen atoms are directed toward
the Cu'" d;2_,> magnetic orbitals. We can note that, while the
[SiW,05,{Cu(H,0)};]'*" species has been postulated,*” it has
not been possible so far to isolate this monomeric complex.
However, several {SiW,}/Cu" compounds have been charac-
terized, including one monomeric {SiW,Cu,} hybrid com-
pound,” four dimeric {(SiW,),Cu,} (n = 5> 6 or 8%)
species, and a tetrameric {(SiW,),Cu,,} complex.*®

Focusing now on the [Cug(Ale),(H,0),]*" complex, it is
observed that this unit contains two {Cu,(Ale),(H,0),} pairs
where all the copper atoms are in square pyramidal distorted
environment. The basal planes of the copper ions are each
made of two bridging alkoxo ligands (dg,..o = 1.93—1.99 A,
Cu—O—Cu = 88.8—90.1°) and two P—O oxygen atoms (dc,..o
= 1.93—195 A). These pairs are connected by two copper
centers via eight O—P—O bridges, affording a cyclic
hexanuclear species. Again, all the bridging oxygen atoms
reside in the xy planes. While the coordination sphere of one
Cu" ion of each {Cu,(Ale),(H,0),} pair is completed by a
terminal water molecule (dg,.o = 2.36—2.37 A), the other one
is connected to a terminal O=W oxygen atom (dc,..c = 2.29—
2.34 A) of the {W} crown of the [SiW,0;,Cu;(Ale)(H,0)]%"
moiety, affording a -POM-{Cu4}-POM-{Cug}- infinite molec-
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ular wire (Figure 1c). Notice that only one pure alendronate/
copper cluster has been previously fully characterized,”” and its
structure is completely different from that of the [Cug(Ale),-
(H,0),]* one found in SiWyCuAle. Indeed, in the neutral
dinuclear [Cu,(Ale),(H,0),] complex previously reported, the
copper centers are connected by two Ale ligands via two O—P—
O and two O—P—C—P—O bridges, all the alkoxo groups of the
Ale ligands remaining protonated. This can be explained
considering the much lower pH (pH = 2) of the reacting media
compared to the one fixed for the synthesis of SiW,CuAle (pH
=7.5). The IR spectrum of $SiW,CuAle shows intense O—P—O
symmetric and asymmetric stretching bands in the 1000—1200
cm™ region. Above 1200 cm™, the bands related to the organic
backbone are observed, while the intense bands due to the W=
O and W—O vibrations are observed below 1000 cm™.
SiW,CuAle is soluble in water. It can be recovered after
dissolution by addition of NaCl, the obtained product
possessing exactly the same IR spectrum as the pristine one,
strongly suggesting that both the {Siw,05,Cu;(Ale)(H,0)}
and the {Cu4(Ale),(H,0),} fragments are stable in solution.

NagLiyo[{(SbWy033),Cu3(H,0),5.5Clo s}2{ Cug(Ale),-
(H,0),};]:163H,0 (SbW,CuAle) was obtained by mixing [a-
SbW,0,;]°7, CuCl,, and Ale in water (room temperature, pH =
8). Addition of NaCl afforded a precipitate, which can be
recrystallized in a 1 M LiCl aqueous solution, leading to a
mixed Na/Li salt. In SbW,CuAle, one
[(SBW,403,),Cuy(H,0),C1]*3~ unit and one
[(SbW,055),Cu;(H,0);]"™*™ POM unit (Figure S1) cocrystal-
lize with three crystallographically independent
[Cug(Ale),(H,0),]*" complexes analogous to that found in
SiW,CuAle. The {SbszlsCua} POM cluster has been
previously described'® and consists in three Cu' centers
sandwiched between two {Sb™W,} units and connected via
long O—W—0—W=O bridges (dc,..c, = 4.72—4.84 A). As for
the SiWyCuAle compound, two copper centers of each
[Cug(Ale)4(H,0),]*" cluster are connected to O=W oxygen
atoms (dg,..0 = 2.17—2.31 A) of the {W,} crown of the POM.
However, in opposition to SiWgCuAle, in SbWyCuAle, the
anionic units form a -POM-{Cug}-POM-{Cug},-POM-{Cu}-
POM-{Cu4},- chain (Figure 2a), with a POM/
[Cug(Ale),(H,0),]* ratio of 2:3 compared to 1:1 in
SiW,CuAle.

The third compound Nayo[{(P,W;5054),Cus(H,0),}-
{Cug(Ale),(H,0),}]-50H,0 (P,W,;sCuAle) was synthesized
in conditions similar to those used for SiW,CuAle but replacing
the {SiW,} precursor with the {P,W,s} one. P,W,;CuAle is
made of the [(P,W,5054),Cu,(H,0),]'*™ POM, which can be
described as a thomb-like tetranuclear Cu" cluster sandwiched
between two {P,W,s} units,”® and the [Cug(Ale),(H,0),]*
complex. In the solid state, [(P,W,;;0s),Cu,(H,0),]""
clusters alternate with [Cug(Ale),(H,0),]* units, forming a
-POM-{Cu;}-POM-{Cu;z}- one-dimensional (1D) material
(Figure 2b), the [Cug(Ale),(H,0),]*" complexes and the
POMs being connected via oxygen atoms belonging to the
{W,} caps of the Dawson units (dc,..o = 2.21—2.23 A). Finally,
all known attempts to isolate separately the POM and the
{CugAle,} clusters by adding various counter-cations to an
aqueous solution of SbWyCuAle have failed, a combination of
the two anionic species exhibiting an IR spectrum strictly
analogous to that of SbWyCuAle being systematically obtained.

Magnetic Properties. The magnetic properties of
SbW,yCuAle and SiW,CuAle were investigated, and the yT
product versus T curves of powdered samples of these
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Figure 2. Ball-and-stick representations of the 1D structures of (a)
[{(SbW4043),Cu;(H,0), 5Cly s},{Cus(Ale)(H,0),}51°"~
(SbW,CuAle) and (b) [{(P,W505),Cuy(H,0),}{Cug(Ale),-
(H,0),}1*" (P,W,;CuAle). Blue octahedra, WO purple spheres,
Sb; green spheres, Cu; orange spheres, P; black spheres, C; blue
spheres, N; red spheres, O.

compounds are represented in Figures 3a and 4a, respectively.
For SbW,CuAle, y\,T continuously decreases from 300 K (33T
10.98 cm*mol 'K, the yyT value calculated for 24
noninteracting Cu" centers being 10.89 cm*mol™"K assuming
g =122) to 2 K (yyT = 6.82 cm*mol™":K), indicating that
overall weak anti-ferromagnetic interactions are predominant.
In contrast, the yyT = f(T) curve related to SiW,CuAle is
characteristic of overall strong anti-ferromagnetic interactions,
wT decreasing from 300 K (T = 3.57 cm®>mol K, the y, T
value calculated for nine non-interacting Cu" centers being 4.08
cm?® mol™! K assuming g = 2.2) to 20 K (yyT = 3.20 cm®
mol"K). At low temperature, the yy T product increases from
20 to 4 K (yyT = 3.38 cm®mol™"K), highlighting the presence
of weak ferromagnetic interactions. Finally, y\,T decreases from
4 to 2 K (T = 3.30 cm®mol~K).

The quantification of the magnetic exchange interactions in
SbW,yCuAle and SiW,CuAle is not an easy task considering
that for these materials the measured yyT products are the
resultant of the contributions of trinuclear POM units and
hexanuclear {CugAle,} BP complexes. Moreover, SbW,CuAle
is made of three crystallographically independent {CugAle,}
fragments and two crystallographically independent POM units
(see above). Nevertheless, attempts to fit the data were
effectuated.

Starting with SbW,CuAle, it has been considered that (i) the
two POMs and the three {CugAle,} units constituting this
material are magnetically equivalent, respectively, and (ii) the
{CuAle,} and the {(SbW,),Cu,} units are magnetically
isolated. Also, in the {(SbW,),Cu;} fragment, it was assumed
that the copper centers form an equilateral triangle. Besides, a
two-J model was used for the modelization of the {CugAle,}

DOI: 10.1021/acs.inorgchem.5b02456
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Figure 3. (a) Thermal behavior of yyT for SbW,CuAle at 1000 Oe in
the 2—300 K range. The solid red line above the experimental data is
the theoretical curve derived from the Hamiltonian 1 (see text); (b)
deconvolution of the theoretical thermal behavior of yuT for
SbW,CuAle highlighting the contributions of the POM (blue) and
{CugAle,} (green) fragments; (c) the coupling scheme used for
modelizing the magnetic behavior of the {(SbW,05;),Cus} units in
SbW,CuAle; (d) the coupling scheme used for modeling the magnetic
behavior of the {Cug(Ale),(H,0),} units in SbW,CuAle and
SiW,CuAle.

complex. This led to the coupling schemes represented in
Figure 3c,d, which correspond to the following Hamiltonian:

1:1(1) = ~2’](§Cuz\§Cub + §Cub§Cuc t* S\Cuchua)
== 2]3(§Cud§Cue + S'\Cug§Cuh)

- 2]4(S(JueSCuf T SCudSCuf + SCufSCug T sCufSCuh

+ SCugSCui + SCuhSCui + SCuiSCud + SCuiSCue)

(¢

A good fit to the experimental y\T data in the 300—2 K
temperature range has been obtained for ] = —6.80 cm™, J; =
+2.40 cm™, and J, = —0.37 cm™ (TIP =231 X 10~ cm®mol™
per Cu" center (TIP stands for temperature-independent
paramagnetism), g = 2.06, and R = 33 X 107°).”" The
calculated IJI value is slightly higher than those previously
determined for pure {(XW,),Cu;} (X = As, Sb, Ge) POM
species.’® This can be due to the approximations mentioned
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Figure 4. (a) Thermal behavior of yyT for SiW,CuAle at 1000 Oe in
the 2—300 K range. The solid red line above the experimental data is
the theoretical curve derived from the Hamiltonian 2 (see text); (b)
deconvolution of the theoretical thermal behavior of yyT for
SiW,CuAle highlighting the contributions of the POM (blue) and
{CugAle,} (green) fragments. (c) The coupling scheme used for
modelizing the magnetic behavior of the {SiW,0;,Cu,(Ale)(H,0)}
unit in SiWyCuAle.

above. In particular, in SbWyCuAle, the intramolecular Cu---Cu
distances are in the 4.72—4.84 A range, while the shortest Cu---
Cu distances between the copper ions of the {(SbW,),Cu,}
and those of the {CugAle,} units are of 5.52 A. These relatively
short intermolecular copper—copper distances can induce weak
interactions, which were not taken into account in our model.

Focusing now on the {CugAle,} cluster, it is found that both
ferromagnetic and anti-ferromagnetic magnetic interactions
coexist in this fragment. It is well-known that, while several
parameters affect the amplitude of the magnetic interactions in
{Cu(0X),Cu} (X = H, CH,, Ph---) dimers with d,2_? copper
orbitals directed toward the bridging ligands, the major factor
controlling the exchange coupling is the Cu—O(X)—Cu 6
bridging angle. In OH-bridged complexes, based both on
experimental results’’ or theoretical calculations,” a linear
correlation between ] and € has been proposed, with a
crossover point at 6 & 97.5° below which the magnetic
behavior changes from antiferromagnetic to ferromagnetic
coupling. In contrast, for OPh-bridged complexes a crossover
point has been theoretically predicted at 6 ~ 77.5°%
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highlighting the huge importance of the X substituent borne by
the oxygen atom. In the {CuAle,} cluster, the Cuyand Cu, and
the Cu; and Cu, centers are dibridged by oxygen atoms of {P-
C(O)~P} BP groups, respectively. Such magnetic core has not
been previously reported. However, it can be mentioned that
the {Cu—O(CP,)—Cu} fragment is characterized by & angles in
the 87.8~90.6° range. Such very low bridging angles must
highly favor ferromagnetic interactions. Also, the two
connected {CuO,} fragments are not planar, with a dihedral
angle of 65.2—66.9°, thus reducing the overlap of the magnetic
orbitals of the copper centers via the p-orbitals of the bridging
oxygens. Both these factors explain the sign of the J; = +2.40
em”' constant determined.” Finally, weak anti-ferromagnetic
interactions (J, = =037 cm™") were found between the copper
centers connected by {O—P~0O} bridges. The energy diagram
deduced from the J; and J, values indicate that the ground state
characterizing {CugAle,} is a triplet, with an § = 0 first excited
state very close in energy and located at 0.74 cm™'. The
magnetic behavior of SiW,CuAle was interpreted considering
the POM {SiW,Cus} fragment and the {CugAle,} cluster as
magnetically isolated. In {SiW,Cu,}, the copper centers form
an isosceles triangle, necessitating the introduction of an
additive exchange parameter compared to the model used for
the {SbW;Cu;} magnetic unit. The coupling scheme associated
with SiWyCuAle is represented in Figures 3d and 4¢ and leads
to the following Hamiltonian:

A(2) = =2 ScuSca — 2 Gcadcu + SouScu)
55 2}3(§Cnd§('w + scugsACnh)
= 2 (ScuScur + ScusScur + ScuScum + ScuScan
+ g(.'uggl.'ui + Scudcu + Scudcu + Scadcud)
(2)

The best fit to the experimental yy T data in the 300-2 K
temperature range was obtained for J, = =255 em ™, J, = —35.0
em ™, ;=+156em™ and J, = =0.11 em™ (TIP = 110 X 10™°
cm*mol™" per Cu" center, g = 2.19, and R = 8.6 x 107°)."”
Considering the {SiW,Cu;} fragment, the d.’_ orbitals of the
Cu, and Cu, atoms interact via the p-orbital of the
deprotonated O(C) atom of the BP ligand, with a low dihedral
angle of 12.1° and a large & Cu~O~Cu bridging angle of
134.1%, This leads to a strong anti-ferromagnetic interaction (],
= =255 em™'), slightly higher than those found for the few
previously reported single alkoxo-bridged Cu'' dimers. For
example, a coupling constant of —191.5 cm™' was found for the
[Cus(bdmap){acac)(NH;)]** (bdmap = 1,3-bis(dimethylami-
no)-2-propanolato; acac = acetylacetonate) complex (# =
135.8°)." However, in SiW,CuAle, the copper centers are
bridged by an additional O—Si—Q group. The coupling
constant associated with the interactions involving the magnetic
metal centers connected via O=P=O bridges is also negative
but, as expected, weaker (J, = ~55.0 em™).

While the y,, T behavior at high temperature is mainly due to
the {SiW,Cu;} unit, at lower temperature, the increase
observed between 25 and 3 K is related to the ferromagnetic
interactions between, respectively, the Cuy and Cu, and the Cu,
and Cu, centers (J; = +1.56 em ") belonging to the {CuAle,}
fragment (Figure 4b). In contrast, we can note that, for
Sbw,CuAle, the low-temperature y, T versus T behavior is due
both to the {CugAle,} (J; = 4240 cm™ and J, = =037 cm™")
and the {SbW,Cu;} (] = —6.80 cm™') fragments. As a

consequence, on the SbWyCuAle yy T versus T plot, the
ferromagnetic coupling in {CugAle,} is masked by the weak
anti-ferromagnetic coupling in the {SbW,Cu,} fragment; a
deconvolution of the y T versus T curve is thus needed for
visualizing the ferromagnetic exchange in SbWyCuAle (Figure
3b). In addition, for SiW,CuAle, the 7,,T decrease below 3 K is
correlated to the small anti-ferromagnetic interactions between
the O~P~0 bridged Cu" ions of {CugAle,} (J, = =0.11 em™).
Importantly, we can note that the magnetic coupling constants
characterizing the {CugAle,} unit and determined in
SbW;CuAle and SiWyCuAle are in good agreement,
Electrochemistry. The redox potentials of P;W, CuAle,
SbW,;CuAle, and SiW;CuAle in a pH 5 and pH | medium are
gathered in Table 2 and compared to that of the previously
reported fully inorganic [(SbW,0,,),{Cu(H,0)},]'*"
(SbyW,Cu,) POM'® considered here as a reference.

Table 2. Reduction and Reoxidation Peak Potentials”
Measured from Cyclic Voltammograms of Sb,W,Cu;,
SiW,CuAle, SbW,CuAle, and P,W, CuAle
compounds » 1 I 1 v
Cu0/lf Culll Cul/0 w vy
Ep, Ey Ep, En Ey
pH 5 Sb,W,Cu, -0.02 -0.13 -022 —-0.59 -031

SHW,Cudle a3 =011 -016

SIW,Cudle 002 -0t -016

PW,Cudle —002 —014 -018 —057

PW,Cuy 002 ~022 -033 -058 080
pPH1  SBW,Cu, 003 006 -012 —0.44

SHW, Cule 005 -003  -009

Siw,CuAle 000 =003 011 ~052

P,W,Cuale 001 —006  —-0.10

P.W,,Cu, 001 —010  -012  —023 -031

“Potentials in volts vs SCE were obtained from cyclic voltammetry in
pH 3 medium (I M CH;COOLi + CH;COOH) or in pH 1 medium
(0.5 M Na,SO, + H,80, at pH 1). Scan rate = 2 mV s~". Working
electrode: glassy carbon.

The cyclic voltammogram (CV) of P,W,,CuAle in a pH 5
medium is shown in Figure SA. In the potential domain
explored, it consists of three waves with peak potentials located
at —0.14, —0.18, and —0.57 V versus SCE, respectively. The last
reversible wave, denoted 11l in Figure 5A, is attributed to the
redox processes of the W centers (W''/W" couple). To the
reduction waves I and IT is associated a single oxidation peak at
=002 V versus SCE with a characteristic shape usually
encountered for the oxidation of Cu® species.”""

The shapes and potential positions of the Cu" reduction
waves | and I are analogous to those already observed for Cu-
substituted POMs."® This pattern features the two-step
reduction of Cu" to Cu" through Cu' The first reduction
wave is reversible. Plot of the cathodic current (I,.) versus the
square root of the scan rate v''? shows a linear dependence
(inset of Figure SB) showing that the current is limited by the
diffusion of P,W,;CuAle to the electrode surface as expected
for a reversible process where the species is in solution.
Controlled potential coulometry at a potential just below that
of the peak potential of the second reduction process of
P,W,;CuAle (at —0.20 V vs SCE) indicates the exchange of 19
clectrons per molecule, in agreement with the reduction of the

COL 10021 /acsinorgchem.Sb02456
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Figure 5. (A) CV of 0.1 mM P,W,;CuAle in a pH § buffer solution (1
M CH;COOLi + CH;COOH). v = 2 mV-s™", (B) Variation of scan
rates (from inner to outer curve): 10, 20, 30, 40, 50, 60, 70, 80, 90, and
100 mV s™". The potential reversal is fixed after the Cu"' to Cu' redox
process. (inset) Variation of the cathodic peak current intensity as a
function of the square root of the scan rate. The working electrode was
glassy carbon, and the reference electrode was the SCE. *Reoxidation
peak of the deposited Cu” on electrode surface.

10 Cu" centers in Cu’. This is also confirmed by the black
deposit visible on the electrode surface.

Sb,W,,Cu;, SbW,CuAle, SiW,CuAle, and P,W,;Cu, show
at pH S (see Supporting Information, Figures $2—S5) similar
redox behavior with two successive reduction waves associated
with the reduction of Cu” to Cu' and the reduction of Cu' to
Cu’. On potential reversal, a large oxidation current wave is
observable, which displays the characteristic shape for the
reoxidation of deposited Cu’ on the electrode surface. Again for
the first couple, Cu"/Cu!, the cathodic peak current (iPC) is
proportional to the square root of the scan rate, which indicates
that the electrochemical processes are diffusion-controlled. For
the P,W,Cu, compound the first redox wave attributed to the
WYY/WY couple is observed nearly at the same potential than
for P,W,;CuAle (Table 2). At variance, for SbW,CuAle and
SiW,CuAle, the WYT/WV reversible waves III are not
observable, while two ill-defined waves are observed at —0.59
and —0.81 V versus SCE for the parent compound Sb,W,4Cus.
Controlled potential coulometry at a potential just below the
peak potential of the second reduction process for SbyW,3Cus,
SbW,CuAle, and SiW,CuAle indicate that all the Cu' centers
are actually reduced with the exchange of 6.1, 482, and 18.2
electrons per molecule, respectively.

At pH 1 all the compounds present similar redox behavior
with again two consecutive reduction waves related to the
reduction of Cu" to Cu' and the reduction of Cu' to Cu® (see
Supporting Information, Figures S6—S10). In the reverse scan,
a large reoxidation current wave is still noticeable. The only
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change is a small anodic shift of ca. 70—80 mV for the Cu"/Cu"
couple and of ca. 50—100 mV for the Cu'/Cu® couple, showing
that these compounds are easier to reduce at lower pH. These
small shifts may be due to the nature of the buffer used (1 M
CH;COOLi + CH;COOH at pH S vs 0.5 M Na,SO, + H,SO,
at pH 1). Another possible explanation is the influence of the
pK, of the aqua Cu(II) centers (Cu""—OH,) that can be easily
deprotonated, giving the hydroxo forms Cu(II) centers (Cu"—
OH) when the pH increases as shown in previous work.””

Electrocatalysis of NO, Reduction. Nitrate reduction was
chosen to investigate the electrocatalytic capacities of each
complex studied in this work. The nitrite reduction, NO,~
being a possible chemical intermediate in the reduction of
nitrate, has been studied.

Reduction of Nitrate. The CVs were measured as a
function of the excess parameter y (y = Cyo, /Cpon) with the

same potential scan rate (2 mV-s™!). As is apparent in Figure 6

20 F
A)

P,W,.CuAle / NO;

I/pA

—_— =10

— =30

-0.5 0.0

E/Vvs. SCE

0.5

54 B)

P,W,,Cule / NO,"

1/pA

-0.8 -0.6
E/Vvs. SCE

-0.4

Figure 6. (A) Electrocatalysis of NO,~ reduction in the presence of
0.1 mM P,WCuAle in a pH 5 medium, v = 2 mVs™". (B)
Magnification of (A) to highlight the reduction of nitrate ions.
*Reoxidation peak of the deposited Cu® on electrode surface.

at pH 5 for P,W,;CuAle, the addition of even modest
quantities of nitrate induced a large cathodic current enhance-
ment starting at a potential below —0.75 V (only after the first
W wave). These observations show an efficient reduction of
nitrate by the reduced species of P,W,;CuAle. In the explored
potential domain, no reduction of nitrate could be detected on
the glassy carbon electrode in the absence of polyoxometalate
complexes (see Supporting Information, Figure S11). The
relative electrocatalytic activities of the reported POMs can be
determined calculating the kinetic current Ji;,c (o, using the

following formula:
Jinetie(noy) = (IPOM+N03- = Iowm)/S

where Ipopsno,” is the reduction current of the POM in the

presence of nitrate, Ipoy is the reduction current for the POM
alone, and § is the geometrical surface of the electrode. In the
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current experiment, for P,W,;CuAle and at pH §, the
Juinetic (vo,)  Values measured at —0.90 V are —43.0 and

—100.0 pA-cm™® for excess parameters y of 10 and 30,
respectively. SiWyCuAle, in the same conditions, provides the
Juinetic (No,") Values of —=99.2 and —209.6 uA-cm™ for y = 10 and
30, respectively (see Supporting Information, Table SI and
Figure S12).

For P,W,sCu,, using the same conditions at pH S, the
Jiinetic (vo,") values measured at —0.90 V are lower: —8.7 and

—22.7 pA-cm™* for excess parameters y of 10 and 30,
respectively (see Supporting Information, Table S1, Figures
$13—S14). Similar electrocatalytic behaviors were previously
published by Nadjo et al. for this compound.*® It thus should
be noticed that the Jineic (vo,”) Values obtained for

P,W,;CuAle are significantly higher than the ones obtained
for the corresponding POM without the copper/alendronate
complexes, which might be due to the higher number of Cu
atoms in the P,W;sCuAle compound (four in P,WCu, versus
10 in P,W,;CuAle).

Surprisingly, the Sb,W 3Cu; and SbWyCuAle compounds do
not present significant cathodic enhancements upon the
addition of nitrate in solution (see Supporting Information,
Table S1 and Figures S15 and S16). So only the P,W,;CuAle,
P,W;;Cu,, and SiWy,CuAle compounds show an efficient
reduction of nitrate but only after the first W¥!/W" reduction
wave of the POM subunit, hence, after the reduction step II
(couple Cu'/Cu®) corresponding to the copper deposition on
the glassy carbon electrode. This suggests that the chemical
nature of the POM entities adsorbed on the surface of the Cu’
nanoparticles strongly affects the electrocatalytic activity for the
reduction of nitrate on the Cu” nanoparticles.

Furthermore, it is worth pointing out that the catalytic
current with Cu-containing POMs may not be due solely to the
amount of deposited Cu’ (which is higher for SbW,CuAle than
for P,W, CuAle), but should also be influenced by the type of
POM used. Thus, the electrocatalytic reduction of nitrate must
be traced successively to the properties of the electrodeposited
copper and to those of the reduced W centers.

At pH 1, P,W,;CuAle gives the Jieic (vo,") Values of —145.3
and —397.5 pA.cm™ for y = 10 and 30, respectively, showing
an increase of current of the reduction of the nitrate at low pH
(see Supporting Information, Figure $17). SiWyCuAle under
the same conditions provides the same behavior with
Jiinetic (No,7) Values of —276.5 and —537.0 uA.cm™ for y = 10
and 30, respectively, indicating an increase of more than 2 times
the current for the reduction of nitrate for SiW,CuAle at low
pH (see Supporting Information, Table S1 and Figure S18).
Again, Sb,W,4Cu; and SbWyCuAle do not present a cathodic
enhancement upon the addition of nitrate in solution at pH 1
(see Supporting Information, Table S1 and Figures S19 and
$20).

Reduction of Nitrite. All the four complexes showed a
good efficiency upon the reduction of nitrite. The results for
Jinetic (HNO./NO,™) Values are gathered for comparison in the

Supporting Information (Table S1, Figures S21—S28). Figure 7
indicates that upon reduction, P,W,;sCuAle catalyzes the
reduction of nitrite at pH S.

The electrocatalytic reduction of nitrite is found to occur just
before the deposition of Cu” (wave II), after the first reversible
wave corresponding to the Cu"/Cu' reduction process (wave
1). Junetic (N0, ) measured at —0.15 V (peak I) and for y = 10 and
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Figure 7. (A) Electrocatalysis of NO,™ reduction in the presence of
0.1 mM P,W,;CuAle in a pH § medium. v = 2 mV-s™", the working
electrode was GC, and the reference electrode was the SCE. (B)
Electrocatalysis of NO,™ reduction with reversal potential fixed after
the Cu*/Cu* redox process. *Reoxidation peak of the deposited Cu’
on electrode surface.

30 were —30.3 and —40.7 pA-cm™% respectively (see
Supporting Information, Table S1). In contrast, at this potential
and in the same medium, no significant electrocatalytic activity
toward the reduction of NO;~ was detected. It is remarkable
that in the presence of NO,7, a significant reduction current is
obtained at the potential of the peak I, while no Cu® oxidation
peak is obtained during the reversed anodic scan when the
cathodic potential limit is set at —0.1 V versus SCE (Figure
8B). This shows that NO,  is able to reoxidize the
electrochemically generated Cu'POMAle species, leading to
the regeneration of the Cu"POMAle species, which seems to be
stable when the potential is kept above —0.1 V versus SCE. It
can be concluded that this POM is a good electrocatalyst for
the reduction of nitrite in more acidic solution. We can note
that at pH 1, the active species should be HNO, and/or NO.
As a matter of fact, the equilibrium HNO, + H,0 & H;0* +
NO,~ (pK, = 3.3 at 18 °C) takes place. Also, even if HNO,
disproportionates in a fairly acidic solution, with 3HNO, —
H;0" + NO;™ + 2NO, the rate of this reaction is known to be
low. P,W,;CuAle at pH 1 presents the larger cathodic current
enhancement (Figure 8) in a potential domain of first wave
(Cu"/Cu couple) compared to SiW,CuAle, SbW,CuAle, and
P,W;;Cu,. The corresponding calculated Jipetic (no2) for v =
10 and 30 at —0.07 V versus SCE were —49.9 and —103.2 pA-
cm™?, respectively (see Supporting Information, Table S1).

In summary, the four complexes showed a good efliciency
upon the reduction of nitrite, the efficiency being better at pH
1. A significant electrocatalytic activity could be measured
already in a potential domain related to the first wave (Cu"/Cu"
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Figure 8. (A) Electrocatalysis of NO,™ reduction in the presence of
0.1 mM P,W;CuAle in a pH 1 medium, v = 2 mV-s™, the working
electrode was GC, and the reference electrode was SCE. (B)
Electrocatalysis of NO,™ reduction with reversal potential fixed after
the Cu'//Cu' redox process. *Reoxidation peak of the deposited Cu’
on electrode surface.

couple), suggesting that Cu' was already able to reduce HNO,/
NO,~.

Bl CONCLUSION

We have thus reported here the first materials associating
polyoxotungstates, bisphosphonates, and copper ions. They
consist in 1D compounds made of two adjacent anionic
[Cu,(Ale),(H,0),]*” and POM units, with a [Cuy(Ale),-
(H,0),]*/POM ratio depending on the nature of the POM.
In SiWyCuAle, an alendronate ligand is directly connected to
the {Cu;} fragment capping the POM unit. In contrast, no
alendronate is grafted on the POM fragment in SbWyCuAle
and P,W;;CuAle, these compounds being made of pure
inorganic POMs connected to [Cug(Ale),(H,0),]*" clusters.
Combining the magnetic studies of SiW,CuAle and
SbW,CuAle, it has been possible to evidence the coexistence
of ferromagnetic and anti-ferromagnetic interactions in the
[Cug(Ale),(H,0),]*" unit, while strong anti-ferromagnetic
interactions have been found in the [SiW,0;,Cus(Ale)
(H,0)]*" fragment constituting SiW,CuAle. The ability of
the three reported compounds to electrocatalytically reduce
nitrite and nitrate has been studied. All the studied compounds
present a good efficiency upon the reduction of HNO, or
NO,™. In contrast, it has been found that the purely inorganic
complex Sb,W,4Cuj is inactive toward the reduction of nitrate,
highlighting that the formation of a Cu” film at the electrode is
not sufficient for electrocatalytically reducing NO;~. The
SbW,CuAle complex is also inactive toward nitrate reduction.
As this compound is made of a {(SbW;),Cus} fragment, similar
to that found in Sb,W,Cus, and [Cu,(Ale),(H,0),]*" units,
this evidence that the copper/alendronate cluster is also

- 157 -

1559

inactive. In contrast, SiW,CuAle and P,W CuAle have
shown a good efficiency as precatalysts upon the reduction of
NO;~ either at pH 1 or at pH 5, showing that the chemical
nature of the POM is a crucial parameter for the catalytic
reduction of nitrate by POM species. Interestingly, comparison
of the activities of P,W,;sCuAle and [(P,W,:Osq),-
Cu,(H,0),]'*" evidenced that if the {Cu4(Ale),(H,0),}
cluster does not act as an electrocatalyst, it acts as a cofactor,
significantly enhancing the catalytic efficiency of the active
POM. Moreover, it must be possible to introduce functional
organic or inorganic fragments into the SiWyCuAle POM by
prefunctionalization of the bisphosphonate via its amino group,
as previously shown for cobalt’® and nickel'* derivatives. In
particular, the grafting of an anchoring organic group onto the
bisphosphonate ligand constituting SiWyCuAle, allowing to
prepare covalently functionalized electrodes, is under study.
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The encapsulation of polyoxometalates within the large pores of
the Zr(wv) biphenyldicarboxylate UiO-67 metal—organic framework
has been achieved, for the first time, by direct solvothermal synthesis.
The resulting POM@UiO-67 composite materials were fully character-
ized by XRPD, IR, MAS NMR, N, porosimetry measurements and
cyclic voltammetry.

Polyoxometalates (POMs) are soluble early-transition-metal clusters
with a large diversity of structures and compositions.' They possess
redox and acid-base properties which can be exploited for catalytic
applications.” However their low specific surface area, low stability
under catalytic conditions and high solubility in aqueous solution
constitute some of their drawbacks. The search for stable hetero-
geneous catalysts with a high surface area, which could combine
the activity of the POMs with the advantages of heterogeneous
catalysts, such as easier recovery and recycling, thus attracts
a lot of interest. Encapsulation of POMs within the cavities
of metal organic frameworks (MOFs)® constitutes a strategy to
access to POMs-based heterogeneous catalysts.” The meso-
porous M(m)-trimesate MIL-100 and -terephthalate MIL-101
families (M = Fe, Cr, Al; MIL stands for Material of Institut
Lavoisier) have been the most investigated host matrices so far
because of their very large pore sizes and surface areas and
good chemical stability. Keggin-type as well as sandwich-type
POMSs have been incorporated either by impregnation or in situ
during the MOF synthesis.” Besides the MIL families, Cu-BTC
frameworks (BTC = 1,3,5-benzene-tricarboxylate), known as
HKUST-1 (HKUST stands for Hong-Kong University of Science
and Technology), have been the subject of intense research.’
Due to the small size of the pores they can only accommodate
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Keggin anions by direct synthesis. However the poor aqueous
stability of these copper carboxylate based MOFs might prevent their
practical use. Among the few examples of a series of thermally, and
chemically stable MOFs with high surface area, the UiO-66 to 68
family (UiO stands for University of Oslo), built up from
{ZI“V504(OH)4} oxocluster nodes and linear dicarboxylate linkers
(with the general formulae [Zr"s0,(OH),(linker)s)), is one of the
most studied MOFs.® These materials exhibit by themselves very
promising catalytic properties.” In UiO-67 the inorganic octahedral
Zre units are bound to 12 other inorganic subunits through biphenyl
dicarboxylate ligands forming a face-centered cubic (fcc) structure
(a = 27.1 A). This MOF exhibits two types of cages: supertetrahedral
(@ ~ 11.5 A) and superoctahedral (& ~ 18 A) accessible through
microporous triangular windows (& ~8 A) (Fig. 1a), corresponding
to the voids of the fee packing. However, the incorporation of guest
molecules within the pores of UiO MOFs has only been rarely
studied® and, to our knowledge, there have been so far no reports
of POM@UiO composites. Here we propose for the first time a
synthetic method for the encapsulation within the pores of UiO-67

~12A
(b)
(c)

~14 A
(d)

Fig.1 Polyhedral representations of (a) the octahedral cages of UiO-67,
(b) [PW1,0401>~ (PW1,), () [PW1,05)”~ (PWy;) and (d) [PaW,06,1°~ (PaWig);
blue octahedra: WOg, grey tetrahedra: PO,, orange polyhedra: ZrOg, black
spheres: C, small black spheres: H.
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of three representative examples of POMs: [PW1,040]> ", [PW11030]
and [P,W,506,]°~ whose size (Fig. 1b-d) can fit in the microporous
octahedral cavities of this MOF.

Attempts to incorporate POMs in the UiO-67 by an impregnation
method, like for the MIL-101 materials,” have failed. This can be
related to the narrow size of the windows. Thus a direct synthesis
approach has been considered. A mixture of the pre-formed POM
species (H3[PW1,040], TBAJH3[PW1,030] or TBAg[P2W13065)),
zirconium tetrachloride, benzoic acid as a modulator,” and
biphenyldicarboxylic acid was heated at 120 “C in dimethyl-
formamide (DMF) (ESIt). Concentrated HCl was also added following
previous reports.®®? One would also expect that under the synthetic
conditions used for the synthesis of UiO-67, the monolacunary PWy,;
POM would react with Zr(v) ions to lead to the monomeric 1:1
complex [PW,;035Zr(H,0),]’~ (n = 2, 3), postulated by Kholdeeva
et al.'® Such a monomeric monosubstituted complex has also been
evidenced in the Dawson'' and Lindquist family.”” The resulting
insoluble microcrystalline materials, PW,,@UiO-67, PW;,Zr@UiO-67
and P,W,,@UiO-67, respectively, were filtered and washed several
times with DMF and acetone. Infrared (IR) spectra (Fig. 2) indicate the
presence of both the POM and the MOF, with P-O and W-O vibration
bands characteristic of the POM observed between 850 and
1100 cm ' together with the carboxylate vibration bands of the
linker between 1300 and 1600 cm ™. The positions of the Bragg
peaks are similar in the X-ray powder diffraction pattern of bare
UiO-67 and of the POM@UiO-67 materials, confirming that the
introduction of POMs in the synthetic medium does not
perturb the formation of the MOF (Fig. S1, ESIT).

Elemental analysis combined with thermogravimetric analysis
(TGA) measurements allows proposing the [Zrs04(OH)s 4][C12HgO4)s5 3
formula for UiO-67, in agreement with the existence of linker
defects occupied by hydroxide anions.®” One expects that for

UI10-67
PW,,Zr@U10-67

PW,,
1800 1600 1400 1200 1000 800 600
Wavenumber (cm-)
Fig. 2 IR spectra of POM@UIO-67 composites compared to that of the

POM precursors and UiO-67. The regions with characteristic peaks of the
POMs and of the MOF are highlighted in grey and light blue respectively.
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the POM@Ui0O-67 composites, the negative charges introduced by the
POMs compensate, almost totally, the linker deficiencies. Note that
the presence of tetrabutylammonium cations can be ruled out both by
IR, elemental analysis and nuclear magnetic resonance (NMR). The
TGA curves for UiO-67 and its composites (Fig. S2 and Table S1, ESIf)
reveal steps that are attributed to water removal, linker decomposition
and formation of inorganic oxides. Combined with elemental ana-
lyses, these results lead to the estimation of the following formulae
[Zr604(OH)][C14HgO4]5 57 [PW12010)0.12 (PW1,@UI0-67), [Z1s04(OH), }
[C14H5O04]5.73[PW11036Zr1]0.15 (PW1,ZI@UI0-67), and [ZreO4(OH)y30}
[C1aHgO4)5.10[PaW15060)025  (PsW15@Ui0-67) for the POM@UIO-67
composites. As there is one octahedral cavity per Zrs unit, these
formulae indicate that approximately 1/2, 1/5 and 1/4 of the cavities
are occupied by POMs in PW,,@UiO-67, PW,,Zr@UiO-67 and
P,W,;3@UiO-67, respectively.

N, sorption isotherms have been recorded for all the reported
compounds (Fig. S3 and Table S2, ESIt). As expected, the surface
area as well as the total pore volumes decrease from UiO-67 to
POM@Ui0O-67 composites, as a consequence of the encapsulation
of the POMs within the octahedral cavities, leaving however a
significant porosity accessible to nitrogen. It should be noted that
the values of the normalized specific surface area, taking into
account the mass of UiO-67 in the composites samples, are
significantly different from the value of UiO-67 (Fig. S3 and
Table S2, ESIT), suggesting that the POMs are located inside the
cavities and not at the surface of the material.

The "H MAS and *C{'H} CPMAS NMR spectra of the three
POM@Ui0O-67 (Fig. S4 and S5, ESIT) exhibit the characteristic
resonances from the crystalline UiO-67. The Zr-OH hydroxyl
protons from the hexameric unit lie in the 0-3.6 ppm range
while the resonances of the linker, i.e. aromatic protons, are
observed at 7.1 and 7.9 ppm. The aromatic carbon atoms (125, 130,
134, and 143 ppm) and the carbon atoms of the carboxylic function
(172 ppm) are in the expected range.* Noteworthily, broad compo-
nents of all these resonances are observed and the general tendency
showed that higher the amount of encapsulated POM larger the
fraction of these broad resonances (23% in PW,,Zr@UiO-67, 54%
in P,W,;3@Ui0-67, and 68% in PW;,@Ui0O-67). This is assigned to
structural disorder caused by the POM filling pores.

The *'P MAS NMR spectra of PW,,@Ui0-67 (Fig. S6a, ESI¥)
and P,W;3@Ui0O-67 (Fig. 3a) show characteristic features of the
POM precursors with signals at —15.2 and —12.9 ppm respectively,
comparable to the literature values.™ In contrast, the spectrum of
PW,,Zr@Ui0-67 (Fig. S7a, ESIt) exhibits a resonance at —13.2 ppm
instead of —12.4 ppm expected for PWy,."* This shift is in perfect
agreement with that determined for a mixture of PW,; and ZrCl, in
DMF (Fig. S8, ESIt).

*IP NMR provides not only information about the structure
of the POM but also some insights on location and host-guest
interactions between the POM and the MOF. Indeed, the *H-3'P
HETCOR (heteronuclear correlation) experiment enables us to probe
the dipolar contact between the *'P and 'H nuclei. Correlations
between the phosphorus atom of the POM and protons of the
aromatic linkers as well as Zr-OH framework hydroxyl groups
are observed in the three POM@UiO-67 composite materials.
This unambiguously indicates the close proximity of the POM

Chem. Commun., 2015, 51, 2972-2975 | 2973
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Fig. 3 Solid-state NMR spectra of P,W;s@UiO-67: (a) >*P{*H} CPMAS; (b)
'H-*'P HETCOR; (c) 'H MAS.

to the surface of the MOF inside the pores homogeneously as
otherwise no such efficient dipolar transfer would be seen.
Furthermore, the strength of the correlation with these protons
appears varied from one POM to another. Indeed in P,W;,@UiO-67
(Fig. 3b) and PW,,@UiO-67 (Fig. Séb, ESIT) the *'P site correlates
mainly with the aromatic resonance (8 ppm) while in PW,,Zr@UiO-67
(Fig. S7b, ESIt) the correlation mainly occurs with the hydroxyl group
peak (2.5 ppm). This clearly indicates the preferential interaction of
PW;, and P,W,g with the organic linker, whereas PWy,Zr should be
closer to the inorganic node, suggesting interactions between the
Zr(v) ions inserted in the POM lacuna and the {Z1"V¢0,(OH),} clusters.
Finally, these correlations involve only the broad components of the
'H spectra (as it could be compared with 1D MAS in Fig. 3c). This
strongly suggests as stated above that the POMs are located in the
distorted/disordered domain.

The electrochemical properties of the POM@UiO composite
materials were also studied and compared to those of the POMs
alone. The solids were first immobilized on the surface of the basal
plane of the pyrolytic graphite disk (PG) and their electrochemical
responses studied in pH 2.5 H,SO4-Na,SO, 0.5 M buffer solutions.
PW,;, and P,W,g and their related POM®@UiO-67 composites
exhibit similar redox behaviors related to the W*"V redox couples
(Table S3, Fig. S9-S11, ESIt and Fig. 4), showing that when
saturated POMs are encapsulated inside the cages they retain their
electrochemical properties. It must be noted however that the first
reduction process for P,W,g is 175 mV higher for P,W,;@UiO-67
than for P,W,g.

In the case of PW,,Zr@Ui0O-67 the cyclovoltammogram clearly
shows the complexation of the monolacunary PW;, with Zr(v) and
the formation of PWy,Zr encapsulated in UiO-67 (Fig. S12 and $13,
ESIt). Indeed, PW,; immobilized on the PG exhibits four successive
waves at —0.450 V, —0.560 V, —0.694 V and —0.830 V vs. SCE
respectively while only two waves are measured for PW,, Zr@UiO-67
at —0.713 V and —0.885 V. It should be noted that the

2974 | Chem. Commun., 2015, 51, 2972-2975
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Fig. 4 Cyclic voltammograms of P,W,;3@UiO-67 immobilized at a PG
electrode in a pH 2.5 H,S0,4-NaySO,4 0.5 M buffer solution at different
scan rates from 0.025 to 1.000 V s~ % Inset: plots of Ipe vs. v for peaks |,
I1'and IIl.

electrochemical behaviors of the POM@UiO composites and
of composites obtained by mechanical mixing of POMs and
UiO (Fig. S14-S16) are different which confirm the encapsula-
tion of the POMs inside the cavities and the transformation of
PW,, into PW,,Zr. Finally, all peak current intensities vary
linearly with the scan rate in the range 0.1-1.0 V s~ ', as expected
for surface confined redox processes. This behavior is in agreement
with the immobilization of the POMs inside the cavities of the
MOF and contrasts with the observation of diffusion-controlled
processes for PW;; @MIL-101(Cr) which were attributed to the
mobility of the POMs."*

In conclusion, the immobilization of three polyoxotungstates in
the largest pores of UiO-67(Zr) has been carried out for the first time,
by a direct synthetic method. POM encapsulation compensates
almost totally the linker deficiencies. The elaborated POM@UiO-67
composites have been thoroughly characterized. Cyclic voltammetry
studies have confirmed the direct formation of PW,,Zr during the
synthetic process and the integrity of the saturated inserted POMs
PW;, and P,W,;g3. MAS NMR experiments provided essential infor-
mation on the structure of the composites. First, they have shown
interactions between the POMs and the framework, thus confirming
the encapsulation within the structure. Moreover they highlighted
the existence of disordered domains related to the presence of the
POMs. Finally they evidenced specific interactions between the
asymmetric PWy;,Zr POMs and the UiO framework. Noticeably,
because of the small size of the cage windows, POM leaching cannot
occur in these materials. The introduction of POMs might pave the
way for future applications in catalysis. It may also greatly influence
the hydrophilicity of the materials and thus their gas sorption
properties. Future work will focus on these two applications.
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Single-Molecule Magnet Behavior of Individual Polyoxometalate
Molecules Incorporated within Biopolymer or Metal-Organic

Framework Matrices

William Salomon*,? Yanhua Lan*,® Eric Riviere,' Shu Yang,"” Catherine Roch-Marchal,”

Anne Dolbecq,” Corine Simonnet-Jégat,” Nathalie Steunou,”” Nathalie Leclerc-Laronze,

[a]

Laurent Ruhlmann, Talal Mallah,*“ Wolfgang Wernsdorfer,*™ and Pierre Mialane*®!

/Abstract: The chemically and structurally highly stable poly-
oxometalate  (POM) single-molecule magnet (SMM)
[(FeW,0,,),Fe,(H,0),]'"° (Fe,W,,) has been incorporated by
direct or post-synthetic approaches into a biopolymer gela-
tin (Gel) matrix and two crystalline metal-organic frame-
works (MOFs), including one diamagnetic (UiO-67) and one
magnetic  (MIL-101(Cr)). Integrity of the POM in the
Fe W,,@Gel, Fe,W,,@Ui0O-67 and Fe,W,;@MIL-101(Cr) compo-
sites was confirmed by a set of complementary techniques.
Magnetic studies indicate that the POMs are magnetically
well isolated. Remarkably, in Fe,W,;@Gel, the SMM proper-

\

ties of the embedded molecules are close to those of the
crystals, with clear quantum tunneling steps in the hysteresis
loops. For the Fe,W,;@Ui0-67 composite, the molecules
retain their SMM properties, the energy barrier being slightly
reduced in comparison to the crystalline material and the
molecules exhibiting a tunneling rate of magnetization sig-
nificantly faster than for Fe,W,,@Gel. When Fe,W,; is intro-
duced into MIL-101(Cr), the width of the hysteresis loops is
drastically reduced and the quantum tunneling steps are
smeared out because of the magnetic interactions between
the antiferromagnetic matrix and the SMM guest molecules.

Introduction

Polyoxometalates (POMs) constitute a class of soluble anionic
oxide clusters based on d-block transition metal ions in high
oxidation states (e.g., W", Mo"", V)" They can incorporate
a huge variety of organic or inorganic substrates enabling a di-
verse range of properties, including optical to catalytic.”’ Fo-
cusing on their magnetic properties,? single-molecule mag-
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nets (SMMs) based on inorganic POMs are of particular inter-
est. SMMs are bistable molecules that can be magnetized in
a magnetic field, retain the magnetization when the external
field is switched off, and therefore exhibit hysteresis loops in
magnetization versus field experiments. Magnetic inorganic
POMs offer the advantage of being structurally robust, pre-
venting the deformation of the coordination sphere of the
magnetic ions when the molecules are placed in various envi-
ronments, a drawback from which SMMs with organic ligands
can suffer. In addition, their thermal and chemical stabilities,
even in reacting media containing coordinating ligands or
metallic cations, are a main advantage for further processing
of these species. Moreover, the bulky diamagnetic shell of
vacant POMs efficiently isolates the magnetic cores of neigh-
boring molecules from each other. Finally, these highly charged
anionic species are able to strongly interact electrostatically
with positively charged supports, leading to stable composite
materials. Since the first discovery of a POM exhibiting SMM
behavior in 2008, there has been an increasing number of re-
ports of SMM POMSs® and more recently of mononuclear
SMMY? POMs.” However, although SMMs represent nano-
scale magnetic objects that offer potential applications in the
field of high-density information storage at the molecular level,
molecular spintronics, and quantum computing,”® these appli-
cations require their organization in 2D or 3D architectures in
which each individual molecule can be used as a bit of infor-
mation. Several approaches have been explored for the prepa-
ration of surface-supported SMMs,”” such as electrostatic graft-
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ing on carbon nanotubes"” or covalent grafting onto an Au
surface."" Immobilization in 3D materials has been performed
through incorporation within polycarbonate matrices,"?
resins, " poly(methylmethacrylate)'® or poly(ethylmethacry-
late)™ polymers, ordered mesoporous silica," a 3D bimetallic
oxalate network,"® and a TaS,-layered superconductor."” Very
interestingly, the neutral mesoporous aluminum-based metal-
organic framework (MOF) [AI(OH)(SDC)], (H,SDC =4,4'-stilbene-
dicarboxylic acid) was recently nanostructured with neutral
SMM molecules"® However, these studies have mainly con-
cerned Mn,, derivatives and none of them has dealt with
POM:s.

In 2009, we reported that the [(FeW,0;,),Fe,(H,0),1'~ POM
(abbreviated here as Fe,W,4; Figure 1a) exhibits SMM behavior
with a large hysteresis in zero field."® Following our first study
on the grafting of Fe,W,,; onto carbon nanotubes,?” we report
herein the organization of Fe,W,; SMM molecules in two types
of supports; gelatin (Gel) biopolymer and two distinct MOF
materials. Gelatin (Figure 1a), a cheap, abundant macromole-
cule obtained by hydrolytic degradation of mammalian or fish
collagen, is widely used in food and pharmaceutical industries,
and can form transparent and elastic gels. Gelatin has already
proven a good matrix for the synthesis of bionanocomposites
with diamagnetic POMs exhibiting topologies as different as
heptamolybdate,”?" decavanadate,?” Keggin-type,** or Kepler-
ate and crown-shaped species.*”

[—3

Directsynthesis

a)

H,0, 40°C

zrcl,

Directsynthesis

DMF, 120°C

H,0,RT

27A

b)

Fe,W,,@Ui0-67

FegW;s@MIL-101(Cr)

Figure 1. Representations of the POM SMM [(FeW,0,,),Fe,(H,0),]'" (Fe,W,g),
gelatin, Ui0-67, MIL-101(Cr) and the synthetic routes to the three composite
materials: a) Fe,W,3@Gel; b) Fe,W,;@Ui0-67; ¢) Fe,W,3@MIL-101(Cr); blue oc-
tahedra: WO,, green octahedra: CrOq, orange polyhedra: ZrQO;, yellow
spheres: Fe, red spheres: O, black spheres: C, small black spheres: H.
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MOFs are crystallized ordered materials in which isolated
metal ions or clusters are connected by polydentate organic
linkers to form hybrid structures with large pores.?” In recent
years, several studies devoted to the encapsulation of POMs in
MOFs have been reported,” mainly for catalytic purposes.
Based on the shaping of Fe,W,, we selected two MOFs,
[ZrY60,4(OH)4(C14Hs04)] (UiO-67; Figure 1b)*” and the mesopo-
rous material [Cr";(H,0),0(CgH,0,);]JNO; (MIL-101(Cr); Fig-
ure 1¢).”® Both are thermally and chemically stable, with high
surface areas, and known abilities to encapsulate POMs, "2
The nature of these three very different matrices (amorphous/
crystalline, diamagnetic/paramagnetic) allows us to explore the
influence of the host matrix on the magnetic properties of the
SMM guests. Furthermore, UiO-67 and MIL-101(Cr) are solid
powder samples, whereas gelatin offers the advantage of
being easily processed as transparent and self-supporting films
with good mechanical properties.

The three composite materials, denoted Fe,W,,@Gel,
Fe,W,,@Ui0-67, and Fe,W,,@MIL-101(Cr), were thus assembled.
The direct synthesis of Fe,W,,@Ui0-67 was possible only due
to the high stability of the POM. To investigate the integrity of
the guest POMs, the reported materials were all characterized
by complementary techniques, including the preparation of
robust and electrochemicaly stable pyrolytic graphite electro-
des modified by Fe,W,,@Ui0-67 or Fe,W,;@MIL-101(Cr), which
proved easy and fast to perform. The magnetic properties of
the three hybrid composites were thoroughly investigated and
compared, to assess for each material whether the SMM char-
acter of the introduced POM had been conserved, and to what
extent.

Results and Discussion
Synthesis and characterizations of the hybrid materials

FesW,:@Gel was synthesized following a coacervation process
previously described for the immobilization of POMs in gelatin
matrix.”>?¥ This process is mainly based on attractive electro-
static interactions between negatively charged POMs and posi-
tively charged gelatin chains. A solution of gelatin is added to
a solution of POM at 40°C. The physicochemical conditions
(pH, temperature, POM and gelatin concentrations) are key pa-
rameters. In particular, the pH value of the solution must be
lower than 4. Indeed, in this pH domain, gelatin macromole-
cules behave like weak cationic polyelectrolytes with fully pro-
tonated amine and carboxylic functions, giving rise to a global
positive charge.®” Furthermore, the temperature has to be
higher than 30°C due to the temperature-dependent sol-gel
transition of gelatin. Conditions of pH 3 and T=40°C were
thus chosen for the experiment, considering also that Fe,W,g is
stable in acidic medium. Under these conditions, a viscous co-
acervate can be isolated from the supernatant solution. Upon
drying, the viscous phase evolves to a glassy compound,
owing to the vitreous transition of gelatin. As previously re-
ported for other POM-gelatin bionanocomposites,”>*" Fe,W,,
POMs are confined within a gelatin network composed of coils
and triple helices. Its orange color suggests the presence of
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the POMs, which was confirmed afterwards by a series of char-
acterizations.

The IR spectrum of Fe,W,;@Gel can be seen as the superim-
position of the IR spectra of the Fe,W,; POM and gelatin (see
the Supporting Information, Figure S1a). The W—O vibration
bands can be identified at 929 and 837 cm '. The vibration
bands of the amino and carboxylate groups of amino acids at
around 1400 cm~' and the broad vibration band at 1625 cm™',
which can be assigned to bands | and Il of the amide groups,
are also present in the spectrum of Fe,W,;@Gel. It should also
be noted that the C—N band at 1482 cm™', attributed to the
tetramethylammonium (TMA™) counter ions of the POM pre-
cursor, is absent in Fe,W,,@Gel. This is consistent with a genu-
ine encapsulation of the POM molecules into gelatin, driven by
electrostatic interactions. The unit formula of Fe,W,,@Gel was
determined by a combination of elemental analyses (see Ex-
perimental section) and thermogravimetric analysis (TGA; see
the Supporting Information, Figure S2), taking into account the
charge of a gelatin chain and the content of counter ions as
given by elemental analysis. At pH 3 the average charge of
a gelatin chain was estimated to be 36+, considering that the
positive charges of gelatin are mainly given by arginine
and lysine amino acid residues.”” Elemental analysis in-
dicated that there are 5 POMs per formula unit and that the re-
sidual negative charge is compensated by sodium ions. TGA al-
lowed determination of the water content. A formula of
Na;4(CH; 5600.42No31)1625(FEsW15)5:270H,0 was thus derived for
FesW,s@Gel. The POM loading in this composite is therefore
equal to 35 wt%. XRPD experiments indicate that Fe,W,;@Gel
is amorphous, and it was not possible to detect Fe,W,; do-
mains by energy-dispersive X-ray (EDX) mapping (see the Sup-
porting Information, Figure S3a). Note also that, owing to elec-
trostatic interactions, the POMs are well isolated within such
films by the long polymer chains of the gelatin.”® This was
confirmed by magnetization measurements, which indicated
that the POM units in Fe,W,,@Gel are magnetically isolated
from each other (see below).

The UiO-67 MOF is built up of diamagnetic {Zr,0,(OH),} oxo
clusters connected by biphenyldicarboxylate linkers and incor-
porates two types of cages: supertetrahedral (@=11.5 A) and
superoctahedral (@=18A) connected by triangular windows
(@=8A). Each superoctahedral cavity can encapsulate one
Keggin- or Dawson-type POM (Figure 1b).?”’ However, due to
the narrow size of the windows, a direct synthesis approach
must be used for the encapsulation of POMs inside this MOF. A
mixture of the dioctadecyldimethylammonium (DODA",
(CH;(CH,);7),(CH3),N ") salt of Fe W, zirconium tetrachloride,
benzoic acid as a crystallization modulator, concentrated HCl,
and biphenyl-4,4'-dicarboxylic acid was heated at 120°C for
24 h in dimethylformamide, following our synthetic protocol
developed for the incorporation of diamagnetic polyoxotungs-
tates in Ui0-67.* A combination of EDX and elemental
analyses leads to the formula [ZrsO,(0OH),(C,4HgO4)s5]
[(FeW,050),Fe4(H,0),10:(DMF), 17H,0 for the Fe,W,,@UiO-67
composite. The POM/UiO-67 ratio is equal to 1:10 and the
POM loading in this composite amounts to 17 wt%. This im-
plies also that one octahedral cavity in ten is occupied by the
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POM, the tetrahedral cages being too small to incorporate
a Fe,W,5 unit. In this material, the negative charges introduced
by the POMs compensate the biphenyldicarboxylate linker va-
cancies within the network. IR spectra (see the Supporting In-
formation, Figure S1b) indicate the presence of both POM and
MOF, with W—0 vibration bands characteristic of the POM ob-
served between 800 and 1000 cm ™', together with vibration
bands of the linker between 1300 and 1600 cm™". Importantly,
preformed UiO-67 and Fe W, were mixed in experimental con-
ditions analogous to those used for the synthesis of
Fe,W,;@UiO-67 (DMF, 120°C, 24 h), and the obtained powder
treated following the same workup as the one considered for
the reported hybrid material. Analysis of this powder revealed
the absence of any POM molecules and retention of the UiO-
67 framework, again showing that the POMs in Fe,W,,@UiO-67
are incorporated within the cavities and not adsorbed at the
surface of the MOF.

The MIL-101(Cr) MOF is built up from trimers of Cr'" octahe-
dra linked by terephtalate anions, which creates a 3D structure
with two types of mesocages (@=29 and 34 A) accessible
through micropore windows (@=11 and 16 A). Incorporation
of POMs in the MIL-101 MOF can be performed either by im-
pregnation®®**"" or in situ during the MOF synthesis.*? The
conditions used for the former method are much milder (usu-
ally room temperature, rather than 220°C) and are suitable for
POMs that are soluble in water as well as in organic media.
This approach was considered for the preparation of
FesW,s@MIL-101(Cr). The Fe,W,s sandwich-type POM can only
be incorporated in the largest cavities, the windows of the
smallest cages being too small to allow the penetration of
such entities (Figure 1¢).”" The encapsulation of Fe, W, results
from anion exchange between the NO; counter ions of the
MOF and the negatively charged POMs due to strong electro-
static POM-matrix interactions. As the charge of Fe,W,; is 10—,
the maximum POM/MIL-101(Cr) ratio that can be attained is
1:10. Impregnation was performed with an initial POM/MIL-
101(Cr) ratio of 1:4, that is, with a large excess of POM.
Elemental analysis was in agreement with the formula
[Cr3(H,0);0(0,CC:H,CO,)5][(FeW,05),Fes(H,0),10.083(NO3)o 17
30H,0. This indicates a POM/MIL-101(Cr) ratio of 1:12 in the
FesW,s@MIL-101(Cr) composite material, close to the maximum
expected ratio. The POM loading is thus equal to 35 wt%.%*
These results are in very good agreement with our recent work
on the introduction of [Co,(H,0),P,W,s04]'°" into the cavities
of MIL-101(Cr),*®" the cobalt and Fe,W,; POMs having exactly
the same charge and size. In the IR spectra, the intensity of the
POM vibrations is stronger in the MIL-101(Cr) composite (see
the Supporting Information, Figure S1c) than in the UiO-67
composite, in accordance with a higher loading value (see
above).

For both Fe,W,;@Ui0O-67 and Fe,W,;@MIL-101(Cr), the posi-
tions of the Bragg reflections are similar in the X-ray powder
diffraction (XRPD) pattern of the Fe,W,;@MOF composites and
the MOF precursors, confirming the integrity of the MOF struc-
ture (see the Supporting Information, Figure S4). The intensity
of the peaks at low angles decreases from MIL-101(Cr) to
Fe,W,;@MIL-101(Cr), in accordance with the presence of the
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POM within the MOF cavities, as already observed for other
POM@MIL materials.****? As expected, the surface area de-
creases from the MOF precursor to Fe,W,;@MOF (Figure 2),
albeit with a significant remaining porosity accessible to nitro-
gen.

1000
900 1
800
700 A
600 1
500 1 /
400 1
300 4+
200
100 4

V,{cmig)

0.40 0.60 0.80 1.00

P/po

0.00 0.20

Figure 2. N, adsorption/desorption isotherms (77 K, P,=1 atm). Top: UiO-67
(solid line) and Fe,W,;@Ui0-67 (dashed line). Bottom: MIL-101(Cr) (dashed
line) and Fe,W,;@MIL-101(Cr) (dotted line).

It was verified that the experimentally observed decrease in
specific surface area is higher than the calculated value, taking
into account the increase of the mass of the sample related to
the POM loading.”* This confirms the encapsulation of the
POMs within the cavities. Modifications of total pore volume
and of the pore size distributions also confirm the filling of the
cavities. A significant shift to lower diameter and decrease of
dVp/dd,, in which V, is the pore volume and d,, is the pore di-
ameter, is observed for Fe,W,;@MIL-101(Cr), whereas only a de-
crease of dVP/ddp is found for Fe,W,;@Ui0-67 (see the Sup-
porting Information, Figure S5 and Table S1). EDX mapping in
the Fe,W,,@Ui0-67 (see the Supporting Information, Fig-
ure S3b) and Fe,W,;@MIL-101(Cr) (see the Supporting Informa-
tion, Figure S3c) composites shows an homogeneous distribu-
tion of the elements with appropriate Fe/W ratio within the
materials, indicating a good dispersion of the POM within the
MOFs.
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Electrochemical studies of the Fe,W,;@MOF composites

POMs are electroactive molecules and electrochemistry is one
of the best techniques for probing a change in the electronic
structure of a molecule subjected to different environments; it
is used here to check the integrity of the POMs within the
composite materials. The electrochemical properties of the
three hybrids reported herein were studied and compared to
FesW,s alone in aqueous solution. The solids were first immobi-
lized on the surface of the basal plane of the pyrolytic graphite
disk (PG) and their electrochemical response studied in pH 2.5
(0.5m H,S0,-Na,SO,) buffer solutions. It must be noted, how-
ever, that no electrochemical signal was detected in the case
of Fe,W,,@Gel, probably because of the insulating character of
gelatin.

The Fe,W,; POM precursor exhibits six successive reduction
waves at —0.04V, —-0.18V, 038V, —0.53V, —0.62V and
~0.68 V vs. SCE (see the Supporting Information, Table S2 and
Figure S6). The first three waves (steps a, b, and ¢) correspond
to the multistep reduction of iron centers (Fe""" redox couple),
whereas the last three waves (steps |, Il and Ill) are attributed
to the W'V couple, as previously reported.”” The numbers of
electrons exchanged at each Fe" reduction step (steps a, b,
and ¢) are 2, 1, and 1 respectively, attributed to the four sand-
wich Fe atoms, the two Fe heteroatoms in tetrahedral coordi-
nation being electrochemically inert."”

For Fe,W,;@Ui0-67 immobilized on the PG, cyclic voltammo-
grams exhibit five successive waves at —0.02V, —0.18V,
—0.44V, —0.57 V and —0.65V vs. SCE (see the Supporting In-
formation, Table S2 and Figure S7) similar to the redox behav-
ior of Fe,W,q. All three successive waves of the reduction of
the Fe atoms (Fe"" redox processes) are observed. Further-
more, all peak current intensities vary linearly with the scan
rate v in the range 0.1-1.0Vs ', as expected for surface-con-
fined redox processes. The peak-to-peak separations (AE,) are
between 0.00 and 0.02V and the ratio i,/ (i,, and i, are
anodic and cathodic peak currents, respectively) is close to
one. This behavior is in agreement with the immobilization of
the Fe,W,3 POMs inside the cavities of the MOF and contrasts
with the observation of diffusion-controlled processes reported
for PW;,@MIL-101(Cr), which were attributed to the mobility of
the POMs.” For the UiO-67 composite, only one POM can be
trapped in the octahedral cavity and diffusion processes in the
other cavities are not possible, owing to the small size of the
triangular windows.

In the case of Fe,W,;@MIL-101(Cr), the cyclic voltammogram
also clearly shows similar redox behavior to Fe,W,,. Indeed,
Fe,W,s@MIL-101(Cr) immobilized on the PG gives rise to four
successive waves at —0.02V, —0.38 V, —0.56 V and —0.65 V vs.
SCE, the latter two waves corresponding to the WY couple
(Figure 3 and Table S2 in the Supporing Information). It must
however be noted that the second step of the reduction of
the Fe centers (Fe"" couple, step b) measured at approximate-
ly —0.17 V for Fe,W,; alone cannot be detected in the compo-
site because of the rather weak electrochemical signal. More-
over, compared to the Fe W, precursor, one additional reduc-
tion step is detected at 0.26 V vs. SCE, corresponding to the re-
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Figure 3. Top: cyclic voltammograms of Fe,W,;@MIL-101(Cr) immobilized at
a PG electrode in a 0.5m pH 2.5 H,50,-Na,SO, buffer solution at 2.0, 1.8, 1.2,
1.0, 0.8, 0.6, 0.4, 0.2 and 0 Vs™' (from top to bottom). Bottom: plots of i, vs.
v for peak c (third Fe""' redox couple) and peak | (first W redox couple).

duction of the MIL-101(Cr) matrix.*® Under the conditions
used, a well-defined pair of peaks attributed to the Cr'"" redox
process”® is detected at £,,=0.25 V and £, =0.27 V vs. SCE.

The electrochemical surface coverage (I) of the MIL-101(Cr)-
modified electrode was calculated from the cathodic peak cur-
rents of peak c (third Fe"" step) of the cyclic voltammograms
according to the equation I'=(4i,.RT)/(n*F*vA), where i, is the
cathodic peak current in amperes, R=8.314 JK'mol™', T=
298K, n is the number of electrons transferred (1 for
Fe,W,o),? F is Faraday's constant, v is the scan rate in Vs,
and A is the geometric area of the electrode (0.785 cm?).°” The
i,/v value, obtained from the plot of peak currents versus scan
rate (0.1-2.0 Vs ') was used to estimate the surface coverage,
leading to '=2.63+0.19x 10 ' molcm ?, the number of elec-
trons transferred being 1. The electrochemical surface cover-
age of the Fe,W,;@UiO-67-modified electrode was also calcu-
lated. The cathodic peak currents of wave c (third Fe"" redox
process) were plotted against v (0.1-1.0 Vs ') and the values
of i,/v were considered; for this composite, n=1 and I'=
2.58-+0.21x 107" molcm™. In short, this study establishes that
the Fe,W,; units encapsulated inside the cages of the UiO-67
or MIL-101(Cr) retain their electrochemical properties, confirm-
ing their integrity.
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SMM behavior of the POM@matrix materials

The curves of magnetization (M) vs. the applied magnetic field
(1oH) recorded on an array of micro-SQUIDs®® in the 0.03-1.3K
temperature range and related to Fe,W,;@Gel are depicted in
Figure 4. These curves are characterized by stepped hystereses,

1 5 1 1 1 ! 1

0.147T/s

Figure 4. Magnetization vs. magnetic field hysteresis loops at the indicated
temperatures and a sweep rate of 0.14 T/s for Fe,W,;@Gel. The hysteresis
loops are superimposed below 0.4 K establishing magnetization reversal
through temperature-independent QTM. The magnetization is normalized to
its saturation value M, at 1.4 T.

demonstrating the occurrence of resonant quantum tunneling
of magnetization (QTM). The coercive field decreases for in-
creasing temperature with a blocking temperature of about
13K at a sweep rate of 0.14Ts '. Moreover, the hysteresis
loops are strongly field sweep rate dependent (see the Sup-
porting Information, Figure S8) and temperature independent
below 04K, confirming the SMM and QTM behavior of
FesW,,@Gel. For an oriented single crystal, the value of the
zero-field splitting parameter D that expresses the axial mag-
netic anisotropy can be obtained from the field interval be-
tween the zero-field step and the first step at non-zero field,
which corresponds to resonant tunneling between the spin
ground state and the first excited spin state. However, even
a randomly oriented powder of crystallites shows steps in the
hysteresis loops at the resonance fields H, (see the details in
the experimental section). In such a case, the value of D is
given by the field value of the beginning of the first step at
non-zero field, at which a rather large fraction of molecules are
roughly aligned with the magnetic field. This non-zero field
step has a shoulder towards high fields because of the non-
aligned molecules. The beginning of this first step is located at
around 05T (see the Supporting Information, Figure S8a),
leading to |D|~0.47 cm™', in perfect agreement with the
value determined for a single crystal of the Fe,W,; complex. A
similar set of parameters characteristic of the relaxation pro-
cess (effective energy barrier U/k;~10.7 K and 7,~2x107°s)
is also obtained from the fit of the relaxation time vs. 1/T plot
(see the Supporting Information, Figure S9b), the value of 7,
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being consistent with those expected for SMMs (7,~ 1x 10 °-
%107 5) P9

Notably, the hysteresis loops are much smoother for
Fe,W,s@Gel than for the oriented crystals of Fe,W,; showing
that as expected Fe,W,; objects are randomly oriented in the
gelatin matrix. Very importantly, the zero-field step is very
narrow and at exactly «,H=0 (see the Supporting Information,
Figure S8b), whereas the oriented crystals of Fe,W,; have
a rather broad zero-field step, which is shifted to negative
fields by about 35 mT (see the Supporting Information, Fig-
ure S10). This establishes that the Fe,W,; molecules are mag-
netically well isolated in the host material, which can be high-
lighted by plotting the dM/dH=f(u,H) curves. Indeed, a sharp
peak at u,H=0 is observed for the Fe,W,; molecules isolated
in the gelatin matrix, in strong contrast with the dM/dH=
f(u,H) behavior of a single crystal or a powdered sample of
FsW,s (Figure 5). It also excludes the possibility of a measurable

30 . ; ‘
0.07 T/s Fe;W, gaGel
254 N T ﬁiﬁﬁlﬁﬂﬁ I
......... FegWV, 5 crystal
20 ' [
T
g
S 154 I
©
10+ i
5] !
04 ™
-0.1 Gl

Figure 5. dM/dH vs. magnetic field at 0.03 K and a sweep rate of 0.07 T/s for
a crystalline or a powdered sample of Fe,W,; and for the three composites
reported herein.

amount of microcrystals in the sample because randomly ori-
ented microcrystals would have a broad zero-field step (see
the Supporting Information, Figure S11a). Overall, these results
indicate that the Fe,W,; molecules retain SMM behavior that is
comparable to that of the single crystal when they are well iso-
lated within the diamagnetic gelatin matrix.

The M vs. poH curves in the 0.03-1.3 K temperature range re-
lated to Fe,W,;@UiO-67 are depicted in Figure 6. They are
open at zero applied magnetic field below T=1.3 K and pos-
sess the stepped hysteresis loops expected for QTM, which
characterize the SMM behavior. The zero-field step is also very
narrow and at u,H=0 (see the Supporting Information, Fig-
ure S12) showing that the FeW,; SMMs are nicely decoupled
in the matrix. The magnetization loops have a large step at
usH=0 (Figure S12 and Figure 5) indicative of a very fast tun-
neling rate of magnetization. This observation is actually in
agreement with the ac magnetic susceptibility measurements
discussed below, where the fast tunneling can be slowed
down as soon as a small field of 90 mT is applied. The width of
the hysteresis loop has a clear dependence on temperature
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Figure 6. Magnetization vs. magnetic field hysteresis loops at the indicated
temperatures and a sweep rate of 0.14 T/s for Fe,W,,@UiO-67. The magneti-
zation is normalized to its saturation value M, at 1.4 T,

and field sweep rate (Figure 6 and Figure S12 in the Support-
ing Information), evidencing that the SMM character of the
FegW,s units is conserved once introduced in the UiO-67. Fur-
thermore, the beginning of the first step in the hysteresis loop
is located at around 0.5 T, leading to a magnitude of |D| simi-
lar to that of the parent Fe,W,; POM unit.

The frequency and temperature dependence of the in-phase
%'w and out-of-phase y“, magnetic susceptibility plots“”’ under
the zero applied dc field are shown in Figure S13 (see the Sup-
porting Information). Cole-Cole plots of %'y, vs. "y and the ob-
tained fits using a Debye model®” (¢=0.09-0.25 in the T=
2.0-3.0 K temperature range, a being the parameter determin-
ing the width of the distribution of relaxation times; Figure 7,

i , "
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Figure 7. Top: Cole-Cole plots of Fe,W,;@Ui0-67 constructed from the mea-
surement of the frequency and temperature dependence of the in-phase 'y
and out-of-phase ", magnetic susceptibility under the zero applied dc field
at (from left to right) 3, 2.75, 2.5, 2.25 and 2 K. The solid lines are fits of the
experimental data using a generalized Debye model. Bottom: magnetization
relaxation time plotted as In(z) vs. 1/T for Fe,W,;@Ui0-67. The solid line rep-
resents the fit to the Arrhenius law.
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top) reveal flattened semicircular profiles, indicating a weak
distribution of relaxation processes. The plot of In(z) vs. 1/T is
linear in the considered temperature range (Figure 7, bottom).
Fitting the data to the Arrhenius law 7=1,exp(U/ksT) reveals
an effective energy barrier of U./ks~13.8K and 7,~4.6x
107s.

We further measured the dynamic properties of
Fe,W,;@UiO-67 in the presence of a static applied magnetic
field of 90 mT. The in-phase ', and out-of-phase %", magnetic
susceptibility plots are shown in FigureS14 and Fig-
ure S15, top, respectively (see the Supporting Information). In
such measurements, the degeneracy of the = ms energy levels
can be removed, strongly reducing the contribution of the tun-
neling process. The Cole-Cole plots can be constructed from
these data and fitted (see the Supporting Information, Fig-
ure S15, bottom) to a generalized Debye model to determine
a values and relaxation time in the temperature range 1.8-
40K. The «a values, ranging from 0.17 to 0.23, indicate
a narrow distribution of relaxation times. The plot of In(z) vs.
1/T in the considered temperature range (see the Supporting
Information, Figure S16) is linear and fitting the data to the
aforementioned Arrhenius law yielded U./k;~17.8K and 1,
~4.2x10 ’s. The effective energy barrier was thus increased
by 30% (17.8 K in comparison to 13.8 K) as a result of minimiz-
ing the QTM process. This barrier value is closer to the theoret-
ical value (25 K), assuming |D| =0.5cm™' and S=6.

Comparison of these results with those obtained for pure
FesW,s (1,~3.7x1077 s and U.4/k;~18.0 K) measured in the
presence of a dc field of 90 mT (see the Supporting Informa-
tion, Figures S17 and S18) shows that the MOF has no obvious
influence on the magnetic properties of the POM when
a static magnetic field that minimizes the quantum tunneling
relaxation process is applied. In short, the isolated Fe,W,; units
preserve their SMM behavior once dispersed into the cavities
of the UiO-67 MOF. However, the Fe,W,; SMMs tunnel faster in
this matrix than in gelatin. This fact suggests that the symme-
try of the molecule is reduced and/or there are interactions
with the substrate.

Before discussing the magnetic properties of the
FesW,s@MIL-101(Cr) composite, we must describe the magnet-
ic behavior of MIL-101(Cr), which, to our knowledge, has not
previously been quantitatively investigated. The temperature
dependence of yyT for this MOF is shown in Figure S19 (see
the Supporting Information). y,T continuously decreases from
300K (yuyT=4.35cm’mol 'K) to 2K (yuT=0.370 cm*mol 'K),
indicating that in MIL-101(Cr) the Cr" centres are antiferromag-
netically coupled, with a S;="/, ground state. The magnetic
data have been fitted considering that this MOF is built of iso-
lated [Cr";(H,0),0(CgH,0,);] " units in which the chromium ions
form an equilateral triangle. The adapted Hamiltonian can thus
be written as Equation (1) in which g is the Lande factor, 3 the
Bohr Magneton, B the applied magnetic field, $ the local spin
operator and J the exchange interaction parameter.

H= pBg (gcn -+ Scn + :scn)—z-/ (gcn §Cl2 + Sm Sc:z + gcn gca)
m
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An excellent fit to the experimental y,,T data in the 300-2 K
temperature range was obtained for J=—9.4 cm ' (TIP=550x%
10 ®*cm*mol ', g=1.93 and R=4.8x10 °),*? leading to a S;=
'/, ground state with an S=3/2 first excited state at 28.2 cm .
These results are in good agreement with those reported for
the molecular complex [Cr";(H,0),0(C;Hs0,);] " (J=—-10.1cm "},
TIP=550x10"°cm’®mol~', g=1.97), which possesses a highly
related trinuclear magnetic core.® Magnetization vs. field ex-
periments confirm the S;='"/, nature of the ground state, M
tending to 1 Bohr Magneton at high field (see the Supporting
Information, Figure S19, inset). The low-temperature hysteresis
loop measurements show a very small hysteresis that might be
due to spin frustration in the antiferromagnetic network (see
the Supporting Information, Figure S20).

The yuT vs. T curves for Fe,W,,@MIL-101(Cr), MIL-101(Cr),
and FeW,; are shown in Figure 8, top. [yT(Fe,W,,@MIL-
107(Cr))—xu T(MIL-101(Cr))] is close to the temperature depend-
ence of y,,T(Fe,W,,), but the two curves are not superimposed,
suggesting the presence of magnetic interactions between the
inserted POM and the matrix. This is confirmed by the broad
step around zero-field (Figure 8, bottom) in the M vs. pH
curve. The width of hysteresis loops characterizing
FesW,;@MIL-101(Cr) is drastically reduced (see the Supporting
Information, Figure S21) compared to that of a powdered

-
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Figure 8. Top: temperature dependence of y,T for MIL-101(Cr) ([]),

FeqW 5@MIL-101(Cr) (O), FesWi5 (), and [ymT(FesW;5@MIL-101(Cr))—xu T(MIL-
101(Cr)] (A). Bottom: magnetization vs. magnetic field hysteresis loops for
Fe,W,;@MIL-101(Cr) at the indicated temperatures and a sweep rate of

0.14 T/s. The contribution of the antiferromagnetic matrix was subtracted
approximately. The magnetization is normalized to its saturation value M, at
14T
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sample of Fe,W,; (see the Supporting Information, Figure S11),
and the steps observed in the single crystals are smeared out
due to the presence of magnetic interactions between the an-
tiferromagnetic matrix and the SMM molecules. Additionally,
the width of the hysteresis loop has a dependence on sweep
rate and temperature (see the Supporting Information, Fig-
ure S20), suggesting that the SMM character of the Fe,W,q
units is retained. However, due to the cooperative effect be-
tween the inserted POM and the matrix it can be said that the
SMM character of the Fe,W,5 units is not well conserved once
introduced in the MIL-101(Cr) MOF.

Conclusion

The Fe,W,; POM is chemically robust and electronically and
structurally stable. The robustness of Fe,W,; is mainly due to
the structure of this molecule, in which the tungsten—oxo shell
effectively protects the magnetic core from external structural
perturbations that can distort the Fe ions coordination sphere
and destroy the axial anisotropy of the Fe, cluster. It is thus
able to retain its integrity when subjected to different environ-
ments. In diamagnetic matrices, the SMM behavior is retained
mainly because the magnetic anisotropy of the molecules is
not altered by their interaction with the host whether it is
a soft amorphous one (gelatin) or a more rigid crystalline one
(UiO-67). In contrast with pure Fe,W,s because the molecules
are perfectly isolated from each other, the resonant quantum
tunneling of magnetization occurs at exactly zero applied mag-
netic field, leading to a sharp step in the hysteresis loops.
When the Fe,W,; POM is encapsulated in an antiferromagnetic
network, the zero-field step is strongly broadened because of
the magnetic interactions that lead to faster relaxation of its
magnetization and the SMM character is clearly reduced. Only
very few SMMs retain an opening of the hysteresis loop when
the molecules are isolated, which make the Fe,W,; POM
among the very few excellent candidates to be used in molec-
ular quantum spintronic devices.”"

Experimental Section
Materials

Commercial gelatin (Gel) extracted from porcine skin (type A with
a bloom of ca.175g), corresponding to an average molecular
weight of approximately 40000 gmol™" and an isoelectric point
(IEP) of approximately 8 (according to the supplier) was purchased
from  Sigma-Aldrich.  Nay(C4H,,N),[(FeW,0,),Fe,(H,0),1-45H,0"
[Nag(TMA),[Fe,W,4]-45H,0] and MIL-101(Cr)*" were synthesized as
previously described. To aid the salt's solubility in DMF, the Na'
and TMA™ cations of Na,(TMA),[Fe,W,,-45H,0 were exchanged
with  DODA*  according to procedure reported for
[EU(BW;,059),1"*~.

Fe,W,;@Gel

This bionanocomposite was prepared according to the complex
coacervation-based procedure previously reported for the prepara-
tion of POM-gelatin hydrogels.??*" First, a solution of gelatin
(10 wt %, 2.5 mm in water) was prepared. Then, a 15 mmolL ' solu-
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tion of Nag(TMA),[Fe,W,s].45H,0 (0.451 g, 7.5x107° mol) in water
(5 mL) was also prepared. The pH of both solutions was adjusted
to 3 with 1M HCI solution. The solutions were heated at 40°C in
an oil bath. 2.5 mL of the gelatin solution was then added to the
POM solution. An orange gel quickly formed. The gel was removed
from the solution, left to dry in air for 2 hours and then plunged
into liquid nitrogen to obtain the product as solid (0.220 g, 50%
yield based on gelatin). The chemical composition of Fe,W,,@Gel
was determined by a combination of TGA and elemental analysis,
taking into account the chemical composition of gelatin
(CH,560042No31)162s as previously reported.” Elemental analysis
calcd (%) for Nao(CH, 56004,No31)1625[(FEWsOs0),Fe4(H,0),15-270H,0
(FW=69871.58 gmol™'): C 27.93, H 4.46, N 10.10, W 23.68, Fe 2.40,
Na 0.46; found: C 28.33, H 4.51, N 10.41, W 22.48, Fe 2.77, Na 0.62.

Fe,W,;@Ui0-67

ZrCl, (0.116 g, 0.5 mmol), biphenyl-4,4"-dicarboxylic acid (0.121 g,
0.5 mmol), DODA, ,[Fe;W,] (0.126 g, 1.25% 10 * mol), and benzoic
acid (1.83 g, 15 mmol, 30 equiv) were dissolved in DMF (10 mL) in
a 23mL polytetrafluoroethylene-lined stainless steel container.
37% hydrochloric acid (83 uL) was then added to the solution. All
reactants were stirred briefly before heating. The mixture was
heated to 120°C over a period of 1 h, kept at 120°C for 24 h, and
allowed to cool down to room temperature. The solid was re-
moved by filtration and washed on the filter funnel with DMF (3 x
20 mL), chloroform (2x20 mL) and dry acetone (2x20 mL). The
solid product was then dried in an oven at 90°C overnight
(0.112 g, 46% yield based on Zr). Elemental analysis calcd (%) for
[Zr;0,(OH),(C,4H50,)s s [(FeW,05),Fe,4(H,0),], (DMF), ¢17H,0  (FW =
2931.18 gmol™"): C 33.76, H 3.27, N 0.86; found: C 33.73, H 2.60, N
0.87. Metal composition was checked by EDX measurements.

Fe,W,;@MIL-101(Cr)

Nag(TMA),[Fe,W,,].45H,0 (0.177 g, 2.94x107° mol) was dissolved in
water (8 mL). MIL-101(Cr) (0.100 g, 1.28 x10~* mol) was then added
to the solution and the resulting mixture was stirred for 24 h at
room temperature. The solid was gathered by centrifugation,
washed with water (3x15mL), ethanol (2x15mL) and diethyl
ether (15 mL), and then dried in an oven at 120°C for 24 h (weight
of the collected sample=0.130g, yield: 85% based on MIL-
101(Cr)). Elemental analysis calcd (%) for [Cry(H,0),0(0,CCH,CO,).]
[(FeW5O30):Fe4(H;0),10.03(NO3)o17230H,0  (FW=1192.0gmol™"): C
24.18, H 2.04, N 0.20, W 23.14, Fe 2.34, Cr 13.09; found: C 24.68, H
2.27,N 0.15, W 22.15, Fe 2.77, Cr 13.70.

Physical measurements

Elemental analyses were performed by the Service Central d’Analy-
ses of CNRS —lInstitut des Sciences Analytiques (Villeurbanne,
France). Infrared spectra were recorded on a Nicolet 30 ATR 6700
FT spectrometer. Powder diffraction data were obtained on
a Bruker D5000 diffractometer using Cuy, radiation (1.54059 A).
Thermogravimetric analyses (TGA) were performed on a Mettler
Toledo TGA/DSC 1, STAR® System apparatus under oxygen flow
(50 mLmin~') at a heating rate of 5°C min~1 up to 600°C. SEM
images were recorded on a JEOL Model JSM-7001F microscope
equipped with an EDX spectrometer using gold-coated samples
and a X-Max silicon drift detector (SDD) by Oxford. The EDX spec-
tra were acquired with a voltage acceleration of 15 kV, an acquisi-
tion time of 120 s, and > 1000 counts. Specific surface area experi-
ments were performed at 77 K on a Belsorp Mini apparatus using
nitrogen as the probing gas, after a Belsorp pre-treatment over-
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night at 70°C under primary vacuum (BEL Japan). Cyclovoltammo-
grams were recorded at room temperature with an Autolab
PGSTAT30 potentiostat (Eco Chemie, Holland) driven by a GPSE
software running on a personal computer using a conventional
three-electrode setup. The working electrode was basal plane pyro-
lytic graphite disk (PG, Pine, @=5mm) or a glassy carbon elec-
trode (@=3 mm), the counter electrode was platinum wire and
the reference electrode was a saturated calomel electrode (SCE)
connected through a salt bridge. The working cell was surrounded
by a grounded Faraday cage and all studies were carried out at
room temperature and under an argon flow. Ultrapure water (Milli-
pore, 182 MQcm™', 25°C) was used to prepare all electrolyte solu-
tions. For electrochemical measurements, we used a H,50,/Na,SO,
buffer solution (pH 2.5), which was prepared by mixing suitable
volumes of 0.5 molL ' Na,SO, and 0.5 molL ' H,SO, solutions. The
solutions were deaerated thoroughly by bubbling argon through
the solution and kept under argon atmosphere during the whole
experiment. The PG electrode was cleaned before each measure-
ment according to the following procedure: Polishing on a micro-
cloth polishing pad with aluminium oxide (0.3 um particle size);
washing with ethanol and ultrapure water; sonication in an ultra-
sonic bath for 5 min. Electrode modification consisted of deposit-
ing an appropriate amount of powder of each material on the PG
surface (@=5 mm). Magnetic susceptibility measurements on pow-
dered samples were carried out with a Quantum Design SQUID
Magnetometer. The independence of the susceptibility value with
regards to the applied field was checked at room temperature. The
susceptibility data were corrected from the diamagnetic contribu-
tions as deduced by using Pascal’s constant tables. Magnetization
measurements were performed with an array of micro-SQUIDs.
This magnetometer works in the temperature range of 0.04 to
ca.7K and in fields up to 14T with sweep rates as high as
0.28 Ts™'. The time resolution is approximately 1 ms. The magnetic
field can be applied in any direction of the micro-SQUID plane
with precision much better than 0.1° by separately driving three
orthogonal coils. To ensure good thermalization, each sample was
fixed with apiezon grease.*®

Calculation of the field position of the quantum resonances
for a randomly oriented ensemble of SMMs

For a randomly oriented sample of SMMs, initially saturated in
a field along the z axis, the initial magnetization at zero field is M.
In this case, the probability dP to find a molecule oriented at an
angle of 6 degrees to the z axis is given by Equation (2).

dP = 2sin(6)df for0< 6 < m/2 (2)
Each molecule projects a cos(6) magnetization along the z axis.
Therefore, the contribution to the magnetization along the z axis is
given by Equation (3).

dM, = M,, cos(0) dP = 2 M,, cos(6) sin(6) dO (3)
Furthermore, the field of the nth quantum resonance position H,
as a function of the angle @ is given by Equation (4) and the deriv-
ative with respect to the angle is given by Equation (5).

H =H,/cos(6) (4)
dH = [H, sin(6) /cos*(6)] dO (5)
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Using Equations. (3), (4), and (5), we derive the fraction of magneti-
zation, which is in the nth quantum resonance, in the interval from
H to H+dH [Egs. (6) and ()].

dM, = 2M,, H,2/H*|dH for |H| > H, (6)
dM, = 0 for |H| < H, (7)
Therefore, during a field sweep from negative fields to positive
fields, the first quantum resonance at zero field is sharp, whereas

the others resonances start at H=H, and then decrease rapidly
(e.g., 1/H* for H>H,; Figure 9). Because the probability of reversal

dM,/dH

0 1 2

H/H, 3

Figure 9. Schematic drawing of the field derivative of the magnetization of
a randomly oriented ensemble of SMMs. The dotted line represents the be-
havior given by Equation (6). The solid line was broadened by dipolar and
hyperfine fields.

depends on the tunneling rate, which also depends on the trans-
verse field component, it is more difficult to calculate the hystere-
sis loops. In addition, the jump-like behavior at H, can be smeared
out by dipolar fields, hyperfine fields, and distributions of anisotro-
py parameters, but the step-like features should be visible in the
hysteresis loop. The field derivative of the magnetization should
show maxima at H, (Figure 9). This means that even a randomly
oriented sample of SMMs shows steps in the hysteresis loops at
the resonance fields H,,.
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Réduction électrocatalytique des NO, sur des nanoparticules métalliques stabilisées
par des polyoxométallates

Résumé :

L’objet de ce travail est de développer des nouveaux catalyseurs pour réduire les ions nitrites (NO2"/
HNO:2) et nitrates (NOs") dans I’eau en étudiant les facteurs qui vont influencer leurs réductions
catalytiques. On a montré que la présence de polyoxométallates (POMs) permet d’améliorer les
propriétés catalytiques de ’¢électrode de Cu et d’Ag pour la réduction de ions nitrate et nitrite avec
des conditions adaptées. Par la suite, des nanoparticules du cuivre (Cu@POM) ou d’argent
(Ag@POM) ont été préparées par électroréduction of CuPOM in situ ou photocatalyse en présence
d’ions POMs et Ag(I) respectivement. Leurs propriétés électrocatalytiques ont été étudiées. Six
différents polyoxométallates substitués par des atomes de Cu' (CuPOMs) ont montré de bonnes
activités pour la réduction de nitrite a pH 1 et a pH 5. Deux activités sont observées : au potentiel de
la réduction de Cu" et au potentiel de réduction des W"' du POM. Quant & la réduction du nitrate,
[Cus(H20)2(PaW150s6)2]' et [(A-B-SiW034)Cus(OH)3(H,0)(H3N(CH,);CO0),]5>  peuvent
catalyser la réduction du nitrate & un potentiel au-dela de la réduction du Cu" a la réduction des W',
Par contre, dans le cas de [(SbWoOs3),{Cu(H,0)}3]'*" aucune électrocatalyse n’est observée. Cela
indique que le type de POM influence les propriétés catalytiques des nanoparticules. Pour le systéme
Ag@POM photoréduit, un catalyseur hétérogene est préparé et stabilisé par une couche de Nafion.
Les nanoparticules Ag@POM sont actives pour la réduction du nitrite et du nitrate et possédent une
activité meilleure que celle mesurée pour 1’¢électrode d’Ag seule. Dans la derniére partie, une étude
préliminaire de polyoxométallates encapsulés dans les ‘Metal-Organic Framworks’ (MOFs) est
présentée. L’entit¢é POM conserve ses propriétés €lectrochimiques et électrocatalytiques pour la
réduction de nitrite aprés immobilisation dans la cage MOF.

Mots clés : polyoxométallates, nanoparticules, cuivre, argent, électrocatalyse, nitrate, nitrite

Summary:

The object of this work is to develop new catalysts to reduce nitrite ions (NO, / HNO,) and nitrate
ions (NOs’) in water and also tried to understand the factors that will influence catalytic reductions.
It has been shown that the presence of polyoxometalates makes it possible to improve the catalytic
properties of the Cu and Ag bulk electrodes for the reduction of nitrate and nitrite ions under suitable
conditions. Then, the copper or silver nanoparticles decorated with POMs, Cu@POM or Ag@POM),
are formed with two different methods: electroreduction in situ of CuPOM or photocatalysis in the
presence of POM and Ag(I) ions respectively). Their electrocatalytic properties are presented. Six
different Cu-substituted polyoxometalates (CuPOMs) are active for nitrite reduction at pH 1 and pH
5. Two activities are observed at the potential of Cu" reduction and at the potential of W"' reduction
in POM. [Cus(H20)2(P2Wi5056)2]'"" and [(A-B-SiWo034)Cus(OH)3(H,0)(H3;N(CH,)3COO0), ]35>
catalyse the nitrate reduction at the potential beyond the reduction of Cu" and at the reduction of W',
On the other hand, no catalysis efficiency was observed with [(SbWoO33),{Cu(H,0)}5]'*". This
indicates the type of POM will influence the catalytic properties of nanoparticles. With the
photoreduced Ag@POM nanoparticles, a heterogeneous catalyst is prepared and stabilized by a
Nafion layer. Ag@POM nanoparticles are active for the reduction of nitrite and nitrate and have an
activity better than the Ag electrode alone. In the last part, a preliminary study of polyoxometalates
encapsulated in Metal-Organic Framworks (MOFs) is presented. POM retains its electrochemical and
electrocatalytic properties toward the reduction of nitrite after immobilized in the cage of MOF.
Keywords: polyoxometalate, nanoparticles, copper, silver, electrocatalysis, nitrate, nitrite




