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Résumé

L’¢lectronique flexible s’est fortement développée depuis une dizaine d’années, entrainant
ainsi la création de nombreuses applications, tel que les écrans flexibles, les puces RFID pour
la sécurité ou plus récemment les vétements dits "intelligents”. Ce nouveau concept permet de
transformer un vétement ou un appareil traditionnel en un dispositif léger, sans fil et
intelligent [1]. Les premiers produits commerciaux ont récemment été développés et mis sur
le marché dans les secteurs tel que la santé, I'automobile, la sécurité ou le génie civil (Figure
1).
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Figure 1. Secteurs et avantages de 1’électronique flexible [2]

L’approche la plus simple pour le developpement de ces nouveaux produits, composes
d’électronique flexible, consisterait a imprimer les composants électroniques directement sur
le substrat souple. Pour cela, des encres conductrices sont principalement utilisées.
Actuellement, ces encres commerciales sont constituées de particules métalliques et
contiennent entre 30 et 70 % massique de cette phase conductrice afin d'obtenir une
conductivité électrique suffisante pour les applications visées [3][4]. La table 1 detaille les
pourcentages massiques pour les prinicpaux composants d’une encre conductrice
commerciale avec des charges métalliques.

Table 1. Composants d’une encre conductrice [5]

Constituants wt %
Phase conductrice 27-70
Matrice polymeére 9-3

Solvants organiques 64-27

Cette thése a pour objectif la production d’encres conductrices sans solvant et a bas coit (des
charges conductrices peu chéres et avec un taux réduit) pour une application textile. Ce projet
consiste a présenter une procédure simple pour I’obtention d’encres conductrices qui devront
étre filmifiables a température ambiante et présenter une bonne déformabilité aprés séchage.
Afin de satisfaire ces conditions, la stratégie est basée sur des nanocomposites architecturés
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alliant les propriétés conductrices de charges carbonées (noir de carbone, nanotubes de
carbone ou graphéne) et la déformabilité d'une matrice polymeére, un latex. Un latex est une
suspension colloidale de particules de polyméres dans I'eau, avec un diamétre moyen compris
entre 10 nm a 10 pum de diametre [6]. Lors du dép6t d’un latex (filmifiable a température
ambiante) sur subtrat, les particules de polymere vont coalescer afin de former un film
polymére continu aprés évaporation compléte de I’eau.

Concernant les nanoparticules conductrices, et plus spécifiquement les nanotubes de carbone
ou le graphéne, leur intérét scientifique s’est fortement accru depuis 10 ans. Ces charges
conductrices présentent de nombreux avantages lorsqu’ils sont intégrés dans des
nanocomposites a base de polymeres pour des applications diverses, tel que I'€lectronique
imprimée. Actuellement, les encres conductrices a base de particules métalliques contiennent
au minimum 40% de charges. Afin de réduire le taux de charge, et par conséquent le codt
global de I'encre, la voie latex sera favorisée pour formuler ces encres. Cette voie de synthése
est durable car le latex est constitué de nanospheres de polymeres suspendues en phase
aqueuse et ne nécessite pas l'usage de solvants organiques. De plus, la voie latex va favoriser
la création d'une architecture ajustable constituée de charges conductrices. En effet, les
charges conductrices seront piégées entre les nanosheres de polymeéres durant la filmification,
favorisant ainsi la création d’un réseau percolant a bas taux de charges [7], comme indiqué sur

Qﬁgﬁ&%

2. Close-Packing During Drying
/\/\/\/
2o o8*
Q 3
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Figure 2. Orientation des charges conductrices dans un nanocomposite composé de latex.

La théorie de la percolation est utilisée pour décrire des phénomenes tres différents de
transition tels que la transition sol-gel ou la propagation d’un virus [8]. En science des
matériaux, elle est souvent utilisée pour décrire le comportement de transition de propriétés
électriques et mécaniques dans les matériaux composites [9]. La fraction volumique critique
(notée seuil de percolation) correspond a la fraction de remplissage nécessaire pour obtenir la
premiere voie de percolation dans la matrice de polymere. Dans une approche de percolation,
les charges intégrées dans le composite sont décrites en utilisant deux types de groupes: les
clusters finis et les clusters infinis ou percolation, comprenant un squelette et des liaisons
pendantes (figure 3).
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Figure 3. Phénomeéne de percolation dans un nanocomposite graphene/latex.

Parmi les charges carbonées, les charges en 2D (plaquettes) favoriseront les contacts entre
charges en comparaison des charges 1D (nanotubes) et permettront un seuil de percolation
plus bas en comparaison avec les charges en 3 dimensions (spheres). D'autre part, pour des
considérations géométriques, les charges plaquettaires semblent étre un choix adéquat pour la
création d'un réseau percolant performant en présence de nanosphéres de polymere.

Cette these est divisée en quatres chapitres (Figure 4), comprenant un état de 1’art sur les
nanocomposites graphéne/polymere, suivi d’une étude sur la production de NMG et la
synthese des nanocomposites NMG/latex suivant deux voies : le mélange physique ou la
polymeérisation in situ.

Chapitre 3

Mélange
physigue

Chapitre 1 Chapitre 2

Production de
Etat de multifeuillets de Synthése des

nanocomposites
NMG/latex

I'art nanographéne
(NMG)

Polymérisation

in situ

Chapitre 4

Figure 4. Shéma global décrivant [’organisation du manuscrit de these.

L’un des challenges consiste a produire les charges conductrices plaquettaires avec des
dimensions spécifiques qui ne déstabiliseront pas le latex lors du mélange afin d'obtenir des
encres conductrices. Ces encres nanocomposites seront réalisées en utilisant deux procédés
distincts : le mélange physique de charges conductrices et de latex acryliques ou la
polymérisation in situ en présence de charges conductrices, comme le montre la Figure 5.
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Figure 5. Deux voies utilisées pour [’obtention de nanocomposites graphene/latex.

Aprés une breéve introduction, le Chapitre 1 propose un état de 1’art basé sur une selection
d’articles de la littérature permettant un bref rappel concernant : la formulation d’encres
conductrices, la synthése des latex, la synthese et les propriétés du graphéne et enfin les
nanocomposites graphene/latex. L’analyse de la littérature a permit de démontrer que des
suspensions de charges carbonées étaient un choix adéquat en raison de leur faible codt. De
plus, la forme et les dimensions des charges de graphéne peuvent favoriser la formation d’une
structure carapace autour des billes de latex pour former le nanocomposite. Cela permettra
également d’obtenir d’excellentes propriétés électriques a bas taux de charge.

Dans la littérature, la méthode la plus connue pour synthétiser du graphene est basée sur une
voie chimique, appelée voie Hummer [10]. Malgré sa popularité, cette méthode présente de
nombreux inconvénients en raison de son procédé long et multi-étapes nécessitant I'utilisation
de nombreux produits chimiques. Comme alternative a cette voie, Knieke et al. proposent la
production de multi-feuillets de nano-graphene (noté NMG dans cette these) basée sur la
délamination mécanique de graphite par broyage en voie aqueuse [11]. La Figure 6, qui
compare ces deux voies de synthese pour la production de 2g de multifeuillets de graphéne,
met en avant la voie mécanique en raison de son faible colt et de I’absence de solvants
organiques.

Pour 2g de multifeuillets de graphéne

Voie Chimique [°] Voie mécanique [
Rendement: 20% (broyage en phase aqueuse)
Durée: 5 jours Rendement: 4%

Produits chimiques: NaNO,, H,SO,, Durée: 4h
KMnO,, Hydrazine, Graphite Produits chimiques: Graphite, tensio-actifs
== Oxyde de graphéne réduit (rGO) m=p Multifeuillets de nano-graphéne(NMG)

Figure 6. Deux voies de synthéses possibles pour produire 2g de multifeuillets de graphéne.
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Cette procédure a été préférée et les suspensions de NMG produites en phase aqueuse ont été
communément utilisées dans les étapes suivantes du procédé pour la formation de matériaux
nanocomposites. Le procedé de délamination nécessite I'usage d'une quantité importante de
graphite. Cependant, ce matériau possede un faible colt et pourra étre réutilisé pour les
délaminations suivantes. La stabilité des suspensions est fournie par I'addition de molécules
de tensio-actif ou de stabilisants polymeériques qui possedent une téte hydrophobe et un corps
hydrophile. Ces molécules qui couvrent la surface du graphite (et du NMG) avec leurs tétes
hydrophobes pointant dans I'eau favorisent les répulsions entre particules.

Le Chapitre 2 détaille la production de ces multifeuillets de nanographéne (NMG), via la
délamination mécanique de suspensions de graphite stabilisées par différents tensio-actifs ou
stabilisants polymériques. Ce chapitre étudie 1’impact de la nature du stabilisant et de sa
concentration sur les dimensions finales des NMG (dimension latérale et épaisseur) mais
également de leur concentration en phase aqueuse. L'objectif principal étant la production de
plaquettes de graphene multicouches avec une faible dimension latérale (entre 50 a 300 nm)
afin de favoriser la formation de nanocomposites latex / graphéne avec une structure carapace.

La délamination mécanique de graphite dans I’ecau en présence de stabilisant est combinée a
I’utilisation d’ultrasons, via une sonde, afin d’optimiser les dimensions finales des NMG
obtenus. Dans une étude préliminaire, la procédure expérimentale de ce broyage meécanique
est décrite. Cette méthode, développée par Knieke et al. [11], permet d’étudier I’infuence du
diameétre des billes de broyage sur les dimensions finales des NMG. Des billes de broyage de
400 um ont été préférées pour favoriser la formation de NMG de petit diamétre mais aussi de
faible épaisseur, pour assurer des propriétés électriques acceptables. Par la suite, il a été
démontré que quatre heures de délaminaation seront suffisantes pour obtenir des suspensions
de NMG concentrées. Enfin, la combinaison de broyage et sonication induit une meilleure
exfoliation des plaquettes de graphite et de faibles défauts dans la structure de carbone.

Ces parametres ont été systématiquent utilisés dans les expériences suivantes, pour lesquelles
I'influence du stabilisant sur les dimensions des NMG est étudiée. Pour cela, différents
stabilisants et tensio-actifs pourront étre utilisés. La figure 7 décrit la structure chimique des
stabilisants étudiés dans ce chapitre. Pour augmenter la stabilité et la concentration de
plaquettes NMG, le tensio-actif SDBS est utilisé a la place du SDS. Cet agent tensioactif
possede un cycle aromatique, et peut ainsi créer des interactions n-n avec le graphéne. Le
remplacement de la SDS par SDBS induit une forte augmentation de la concentration NMG
dans la suspension. La concentration des suspensions de NMG produites atteint 2 mg ml™, ce
qui est deux fois plus élevé que les concentrations communes de suspensions d'oxyde de
graphéne obtenues par la méthode de Hummer. Ce changement de tensio-actif permet
également d’obtenir des plaquettes de NMG avec une dimension latérale de 50 a 300 nm pour
une épaisseur de 5 a 10 feuillets de graphene.
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Sodium poly(styrene sulfonate)
sodium dodecyl sulfate (SDS) (PSSNa]

Stabilisants polymériques
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H
it~
n
Poly(vinyl pyrolidone) Poly(styrene-block-ethylene oxide) (PSbPEQ)
’ '(p\fp) 1010 (x=1000, y=1000) or 1030 (X=1000, y=3000)

Figure 7. Structure chimique des tensio-actifs et stabilisants polymériques étudié.

Des stabilisants polymériques, PVPk30 et PSbPEO, ou des polyélectrolytes, PSSNa, sont
ensuite étudiés afin d’observer leur influence sur les dimensions et la concentration finales de
NMG. Afin d’augmenter la concetration et la stabilité des plaquettes de NMG en phase
aqueuse, il sera préférable d’utiliser un stabilisant pouvant créér des interactions 7-m avec les
plaquettes NMG. Il est démontré que les stabilisants polymeériques, tel que PSbPEO ou
PVPK30, sont adaptés pour la stabilisation des plaquettes NMG. Ces stabilisants permettent la
production de suspensions NMG avec un rendement identique ou supérieur a celui obtenu en
utilisant du SDBS ou SDS comme tensio-actif. Enfin, les plaquettes NMG obtenus
posséderont des dimensions latérales et des épaisseurs inférieures.

Les suspensions de NMG obtenues en présence de différents stabilisants ont été élaborées par
un procédé sans solvant, respecteux de I’environnement et a faible cott. Ces suspensions de
NMG peuvent maintenant étre utilisées pour synthétiser des nanocomposites conducteurs
suivant deux processus: via un mélange physique de suspensions de NMG et des particules de
latex (Chapitre 3) ou par polymérisation in situ en présence de différentes suspensions de
NMG (Chapitre 4).

L’objectif est de réaliser des nanocomposites possédant une structure carapace, soit la surface
de la bille de polymeére sera couverte de plaquettes de graphene. Dans cet intérét, les billes de
polymeére devront avoir un diameétre supérieur aux dimensions latérales des plaquettes de
NMG. Pour des NMG ayant une dimension latérale d’environ 50 nm, les billes devraient
avoir un diameétre entre 0.3-1 pum. Pour produire ces latex, la polymérisation en milieu
dispersé a été choisie et plus particulierement via les procédés de polymérisation en émulsion,
miniémulsion et dispersion. Les diamétres finaux de billes de latex dépendront du procédé de
polymérisation mais également des conditions expérimentales.

Le chapitre 3 se focalise sur les mélanges physiques entre les suspensions de NMG et les
billes de latex de deux diamétres distincts, 300 et 650 nm. Ces latex sont des copolymeéres
poly (méthymethacylate-co butyl acrylate) (PMMA-co-BA) synthétisés par polymérisation en
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émulsion sans tensio-actif par un procédé de batch ou semi-batch pour obtenir des diametres
de billes ayant respectivment 300 nm et 650 nm (respectivement noté D300 et D650). Ce
copolymere composé de deux monomeéres acryliques (BA et MMA) dans les mémes
proportions 50/50 permet d’obtenir une température de transition vitreuse autour de la
température ambiante. La morphologie, les propriétés thermomécaniques et électriques des
deux séries de films nanocomposites, obtenus suite au mélange physique des latex acrylique
(300 et 650 nm) et des suspensions de NMG/SDBS, sont successivement étudiées (Figure 8).

Figure 8. Les étapes de formation des matériaux nanocomposites, (a) de latex a blanc, (b) suspension
de NMG, (c) mélange NMG/latex, (d) matériau souple et conducteur obtenu aprés évaporation de
I'eau et la formation du film.

Les nanocomposites obtenus présentent une bonne stabilité en suspension et permettent la
formation d’un film a température ambiante. L'influence du rapport de taille entre la charge
conductrice et de la nanosphére latex est le paramétre qui conduit I'étude. Les deux séries de
matériaux composites présentent des domaines cellulaires de charges conductrices (Figure 9)
ainsi que de nombreux chemins percolants parcourant I’ensemble du film nanocomposites.

Figure 9. Images MET représentant des coupes par cryomicrotomie des films nanocomposites avec
des billes de polyméres de a- 650 nm et b- 300 nm pour 10%vol de NMG.
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Les propriétés électriques de ces deux séries de films sont ensuite mesurées a 1’aide d’un
galvanometre 4-pointes. Ces mesures expérimentales sont comparées a un modele de
percolation électrique, décrit par Stauffer [12], permettant ainsi de remonter au seuil de
percolation théorique, noté ¢, et a la conductivité électrique théorique intrinseque du NMG.

La figure 10 représente les conductivités électriques théoriques (modéle) et expérimentales
pour les deux séries de films en fonction du pourcentage volumique de NMG contenu dans le
film nanocomposite.
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Figure 10. Comparaison des conductivités électriques en fonction du %volumique de NMG pour les
deux séries de films (résultats expérimentaux et modéle)

Les seuils de percolation (¢.) extraits des régressions linéaires du modele sont 0,4 vol. % pour
les échantillons de D300 et 0,12 % vol. pour les échantillons de D650. Il existe une bonne
corrélation entre les courbes du modéle et les points expérimentaux. De plus, un seuil de
percolation supérieur et un maximum de conductivité électrique plus élevé sont obtenus pour
la série D300. Ces tendances peuvent étre expliquées par les schémas de la Figure 10. Sur ces
schémas, un chemin de percolation est illustré par une simple description tridimensionelle
prenant en considération le rapport de taille entre les billes de latex et les plaguettes de NMG.
Pour un nombre donné de plaquettes de NMG, le nombre de chemins de percolation possibles
sera plus éleve, entrainant ainsi un seuil de percolation plus élevé pour D300. Par ailleurs, le
nombre total de chemins de percolation sera plus élevé pour D300 conduisant a une
conductivité électriqgue maximale plus élevée.

Le comportement conducteur observé pour ces matériaux nanocomposites a base de graphene
est compatible avec un comportement de percolation tridimensionnelle. De plus, le diamétre
moyen des billes de latex a une influence significative sur le seuil de percolation et le
maximum de la conductivité électrique aprés filmification des nanocomposites.
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Afin de démontrer [I'application potentielle de nos films conducteurs, un dispositif
électronique constitué d’une diode électroluminescente (DEL) et d’une pile a été réalisé
(Figure 11).

’ conductive graphene-based
nanocomposite wires

Figure 11. Dispositif comprenant une DEL reliée & une pile par des bandes de films nanocomposites
en remplacement des fils de cuivre.

Dans cette configuration, les petites bandes (2 mm de large, 20 mm de longueur et de 200 pm
d'épaisseur) ont été découpées dans le film nanocomposite contenant les billes de latex de 650
nm et 5,7%vol. de NMG. Ces bandes ont été utilisées pour remplacer une partie des fils de
cuivre qui lient la DEL a la pile. L’efficacité de ces films pour une application électronique
est ainsi démontrée.

Les deux séries de matériaux nanocomposites étudiées présentent de bonnes propriétés
électriques (10> S m™ ! ce qui est comparable & des encres conductrices commerciales & base
de carbone) a faible teneur en charge: moins de 10 % en poids par rapport a 20 a 40 % en
poids dans des encres conductrices existantes. Cette voie d'élaboration sans solvant, consistant
en un simple mélange physique de plaquettes de NMG et de billes de polymeéres acryliques,
semble étre prometteuse pour la production d’encres conductrices pour I'électronique
imprimée et les matériaux conducteurs fonctionnels. D’autre part, les mélanges composite a
base de copolymeéres acryliques sont déja couramment utilisés dans l'industrie des encres et
des peintures, car ils permettent la formation de films continus et déformables, sans necessité
de chauffage ni pressage a chaud, ce qui convient pour des applications sur substrats flexibles
et textiles.

Les propriétés thermo-mécaniques de ces films nanocomposites sont également étudiées, par
analyse mécanique dynamique. Ces analyses démontrent que l'addition de plaquettes NMG
dans la matrice de polymére peut induire une augmentation du module de nanocomposite,
également appelé renforcement. D'un point de vue général, le module augmente avec la teneur
en charge mais dépend également de la dispersion de charge et des intéractions charge-
matrice. La réponse mécanique thermique des différents échantillons a été évaluée et les
modules de stockage, G ', ont été tracés en fonction de la température.
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Pour les deux séries de films, une température de trasition, T, , est mesurée entre 0 et 30°C.
Ceci est cohérent avec le fait que le processus de filmification se produit a température
ambiante.

Le facteur de renforcement est défini comme le rapport entre le module du composite et le
module du polymere vierge et sera mesuré au-dela de la température de transition dans le
domaine caoutchoutique. La figure 12 représente les facteurs de renfort obtenus en fonction
du taux de NMG a 80°C. Les résultats expérimentaux sont comparés a un modele de
percolation mécanique [13][14].
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Figure 12.Facteurs de rentforts expérimentaux et théorigques en function de la fraction volumique de
NMG pour la série (¢) D300 et (&) D650.

Cette figure montre qu’un facteur de renfort supérieur est obtenu pour les films
nanocomposites de la série D300. Ce comportement, comme pour le modele électrique, peut
étre illustré par les schémas de la figure 10. En effet, le nombre total de chemins percolants
sera plus élevé pour les échantillons D300. Ces données expérimentales sont relativement
comparables aux données calculées a partir du modéle de percolation mécanique. Cependant,
la sensibilité du modéle ne permet pas une détermination précise d'un seuil de percolation. Le
seuil de percolation (¢.) a été estimé a environ de 0,5 a 0,8% en vol. pour D300 et 4 0,2 a
0,4% en vol. pour D650.

Le phénomene de percolation pour des nanocomposites conducteurs latex/NMG a été étudié
d’un point de vue électrique et mécanique. L'influence du rapport de taille entre la charge
conductrice et de la nanosphere de polymére a conduit I'étude. Les résultats de conductivité
électrique ont pu étre décrits en utilisant une approche de percolation et le renforcement
mécanique obtenu avec une teneur croissante NMG était également compatible avec un
comportement de percolation. Enfin, les seuils de percolation mécaniques et électriques
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obtenus semblent compatibles avec le seuil de percolation géométrique pour les deux séries
d’échantillons.

Suite a cette étude, afin de renforcer les interactions entre les plaquettes de NMG et les billes
de polymere, le dernier chapitre détaille la synthése de nanocomposites graphéne/latex par
polymeérisation in situ en présence de suspensions de NMG. Ce travail est motivé par une
simplification du processus en utilisant directement des NMG dans la polymérisation in situ
au lieu du GO et ainsi éviter une étape de réduction (de GO en rGO) post-polymérisation. En
effet, GO a été rapporté comme étant un matériau amphiphile dd a la combinaison de groupes
hydrophiles tels que des acides carboxyliques en peériphérie, et les régions hydrophobes
graphitiques dans le plan de base. Par conséquent, GO a été démontré comme pouvant
stabiliser efficacement de émulsions huile-dans-eau (H / E), noté émulsions Pickering [15].
Cependant, comme NMG n’est pas aussi stable que GO dans I'eau, 1'utilisation de tensio-actif
ou agent stabilisant est nécessaire. Le but est de produire des latex avec une structure
carapace, ce qui signifie que la surface des particules de polymere sera recouverte par des
plaquettes NMG. Geométriquement, les diametres de latex doivent donc étre supérieurs aux
dimensions latérales NMG. Si les plaquettes NMG présentent une dimension latérale
d'environ 50 nm, les diametres de latex devront étre autour de 0.3-1um. Pour produire des
latex, la polymérisation en milieu dispersé et en particulier les procédés de polymérisation en
émulsion, miniémulsion et la dispersion sont choisis (Figure 13). En fonction des conditions
expérimentales, ces procédés permettent la synthese de particules de latex dans un large
éventail de tailles. En regle générale, les polymérisations en émulsion et en miniémulsion
produisent des particules polymeres ayant un diamétre compris entre 50 et 500 nm, tandis que
la polymérisation en dispersion permet la formation de particules ayant un diamétre compris
entre 0,5 et 20 pm.

NMG amorceur
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Figure 13. Schéma représentant les voies possibles de polymérisation pour [’obtention de
nanocomposites par polymérisation in situ.
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Un état de I’art concernant les défauts présents a la surface des feuillets de graphéne mais
¢galement au sein de sa structure est d’abord présenté (Figure 14). La présence de ces défauts
dépendra de la voie de synthese utilisée pour la production de graphéne et agiront comme des
pieges a radicaux libres, pouvant ainsi intéragir avec les amorceurs et les chaines de
polymeres en croissance durant la polymérisation [16].

airmchair

combined edge

Figure 14. Schema représentant les sites réactifs sur des feuillets de graphéne. [17]

Les nanocomposites sont ensuite synthétisés par polymérisation in situ en présence de
suspensions de NMG contenant des tensio-actifs (SDBS) ou des stabilisants polymériques
(PSSNa, PSbPEO ou PVP). Le choix de ces stabilisants dépend de leur efficacité pour
I’obtention de concentrations en NMG ¢élevées apres délamination mécanique mais également
de leur mobilité en phase aqueuse, qui sera un parameétre critique au cours de la
polymérisation. Pour chaque polymérisation (émulsion, miniémulsion et dispersion) le
mécanisme de polymérisation en présence de NMG est d’abord présenté. Le protocole
expérimental et les résultats sont ensuite détaillés. Chaque latex nanocomposite formé est
analysé afin de déterminer le diameétre des billes des polyméres obtenus, le pourcentage
volumique de NMG dans le nanocomposite, le taux de couverture théorique, le rendement et
la cinétique de polymérisation ainsi que la stabilité des suspensions. En fonction de ces
résultats, ’influence de la nature et de la concentration en stabilisant est étudiée. Les
propriétés électriques de ces films nanocomposites obtenus par polymérisation in situ sont
ensuite mesurées et comparées a celles des mélanges physiques rapportés dans le chapitre 3.

La polymérisation en émulsion en présence de suspensions de NMG stabilisées par du SDBS,
du PSSNa ou du PSbPEO est d’abord réalisée. Lors de ces synthéses, le SDBS démontre une
forte mobilité en phase aqueuse et induit une déstabilisation d'une partie des plaquettes de
NMG durant la polymérisation. Cependant, une diminution de la concentration en SDBS,
juste en dessous du CMC,p,, permet d’obtenir une conversion quasi-totale (90%) et des
particules de latex composites d’un diamétre moyen de 228 nm pour un taux de couverture
théorique de 19.3%. Malheureusement les latex NMG/SDBS présentent une faible stabilité et
une sédimentation est observée aprés 5 jours. Deux stabilisants polymeériques sont ensuite
étudiés : le PSSNa et le PSbPEO1030. L'augmentation de la masse molaire de l'agent
stabilisant permet de réduire sa mobilité moléculaire, et augmente ainsi la stabilité de NMG
pendant la polymérisation. La polymérisation in situ en présence de suspensions de
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NMG/PSSNa conduit a la formation de latex nanocomposites stables et aucune sédimentation
n’est visible apres 5 jours de stabilité. Cependant, la concentration de NMG dans ces
nanocomposites est faible et ne permet pas d’obtenir des films conducteurs. Un autre
stabilisant polymere, le PSbPEO 1030, a donc été utilisé et les latex nanocomposites obtenus
présentent une teneur élevée en NMG et aucune destabilisation n‘est observée (durant la
polymérisation et aprés 5 jours de stabilité). Les particules de polymeére possedent un diameétre
moyen de 200 nm et le seul inconvenient est la conversion limitée, qui ne dépasse pas 50%
malgré une augmentation de la concentration en amorceur. Il a donc été déterminé que la
mobilité de stabilisant et la réactivité de l'initiateur étaient des parametres clés pour conduire
efficacement le processus de polymeérisation in situ en émulsion.

Afin de réduire la mobilité du stabilisant en phase aqueuse et la déstabilisation des plaquettes
NMG pendant la polymérisation, la polymérisation en miniémulsion peut étre utilisée. Des
polymérisations en miniémulsion en présence de suspensions de NMG/SDBS et
NMG/PSbPEO1030 sont réalisées. Les latex nanocomposites obtenus présentent
respectivement un diametre moyen de 127 nm et 250 nm (NMG/SDBS et
NMG/PSbPEO1030), pour de faibles teneurs en NMG et possedent une bonne stabilité apres
5 jours. Une conversion totale n’est pas atteinte, comme pour la polymérisation en émulsion,
et cela peut €tre du au piégeage d’une partie des radicaux libres par les groupements oxygenes
présents en surface des plaquettes de graphéne [16].

Une alternative a ces deux procédés de polymeérisations est la polymeérisation en dispersion.
Ce procéde de polymeérisation en présence de PVPk30 comme stabilisant permettra de
diminuer le nombre de particules de latex et par conséquent d’augmenter le diamétre des
billes de polyméres ainsi que le taux de couverture théorique. Aprés polymérisation in situ en
dispersion en présence des suspensions de NMG/PVPK30, les latex hanocomposites obtenus
présentent des diametres beaucoup plus larges que précedemement, entre 1 et 25 um, et par
consequent des taux de couverture théoriques supérieurs a 100%. Une forte augmentation de
la taille et de la distribution de taille des billes de polymere est observable entre les
polymérisations a blanc et en présence de NMG. Cela semble démontrer que la nucléation est
fortement perturbée en présence de NMG. En raison de leurs larges diamétres, les latex
nanocomposites obtenus sédimentent naturellement aprés 5 jours de stabiliteé.

Les propriétés électriques de ces nanocomposites synthétisés par différents procédés sont
mesurées. Chague nanocomposite est filmifié dans un moule en silicone a 40 ° C pendant une
nuit. Les films sont ensuite lavés dans un bain d'eau pendant 24 h afin d’éliminer I'agent
tensioactif ou stabilisant présent a la surface du film. Les mesures électriques ont été
effectuées sur les deux cotés de chacun des films et la conductivité électrique o, en S/m™, a
été calculée en utilisant les équations 5 et 6 de I'annexe I. Les conductivités obtenues sont
résumees dans la figure 15. Concernant les nanocomposites synthétisés par polymeérisation en
émulsion et en minémulsion, seuls les films contenant SDBS comme tensio-actif sont
conducteurs. En effet, aucune conductivit¢é n’est mesurable pour les nanocomposites
contenant PSbPEO1030 comme stabilisant, malgré leurs taux de couverture théorique éleve.
Ce stabilisant polymerique isolant peut inhiber la conductivité électrique de ces films.
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Modéle de percolation en fonction du diamétre
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Figure 15. Conductivité électrique en fonction du pourcentage volumique de NMG pour les films
nanocomposites synthétisés par polymérisation in situ par polymérisation en émulsion, miniémulsion
ou dispersion.

Tous les nanocomposites reéalisés par polymérisation en dispersion présentent une
conductivité mesurable et les meilleures propriétés électriques sont obtenues pour le
nanocomposites contenant les plus petites billes de polymeére (D- NMG/PVPk30-9-50/50) et
une teneur élevée de NMG. Enfin, ces conductivités peuvent étre comparées aux conductivtés
issues du modele de percolation électrique. Les résutlats expérimentaux démontrent une faible
corrélation avec le modeéle. Cela peut étre d0 a des mesures qui restent proches du seuil de
percolation, et d’autre part, pour ces nanocomposites I’hypothése de monodispersité n’est pas
toujours respectée.

Afin de comparer les films de nanocomposites, préparés par mélange physique ou par
polymeérisation in situ en présence de NMG, un test de solutilité dans tétrahydrofurane (THF)
est réalisé (Figure 16). Aprés une journée, les films issus du mélange physique sont
totalement dissous alors que des amas de particules sont visibles pour les films synthétisés par
poylmérisation in situ. Cela suggére I'existence d’intéractions fortes entre les plaquettes de
NMG et les particules de polymere.

Dans le but d’optimiser la polymérisation insitu, il pourrait étre intéressant d'explorer le
greffage de tensioactifs ou stabilisants directement sur la surface de graphéne afin d'obtenir
des plaquettes de graphéne avec des propriétés amphiphiles.
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Figure 16. Test de solubilité dans le THF des films nanocomposites synthétisés par mélange physique
ou par polymérisation in situ.

En conclusion, 1’objectif global de cette thése consistait a réaliser des nanocomposites
conducteurs pour une impression sur textile via un procédé a bas codt et respectueux de
I’environnement. Pour répondre a ces spécifications, des charges conductrices, les
multifeuillets de nanographéne (NMG), ont été produites par un procédé a bas codt et sans
solvant. Pour permettre une impression sur textile, des nanocomposites conducteurs pouvant
filmifier a température ambiante ont €té developpés et les matériaux obtenus possedent
d’excellentes propriétés ¢lectriques, leur permettant une application potentielle dans le
domaine de I’électronique flexible. En effet, l'intérét potentiel pour le domaine de
I’électronique a été démontré via 1’utilisation de matériaux nanocomposites a base de
graphéne en remplacement des fils de cuivre dans une configuration LED. D’autre part, un
stylo a été rempli avec une suspension conductrice de NMG et des traits ont été traces sur
différents subtrats. Les résultats de conductivités électirques obtenus pour un dépot sur PET et
sur le textile spécialisé sont semblables aux conductivités des films nanocomposites réalisé
par mélange physique. Ces suspensions de nanocomposites conducteurs pourraient donc
devenir une alternative moins chere que des encres conductrices a base d'argent pour
I'électronique imprimée.
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General introduction

Over the past ten years, flexible electronics raised a strong interest and many applications
were developed, such as flexible screens, ships for security (RFID) or recently wearable
electronics. This new concept enables to transform traditional textile and apparel products
into lightweight, wireless and wearable intelligent devices [1].Some commercial products
were recently developed and marketed, in sectors such as health, automotive, home, security
and civil engineering sectors. To build up this new device, a convenient approach is to print
the electronic components onto the fabric substrate. Currently, adequate conductive inks are
mostly based on metallic particles and contain 30 to 70wt.% of these conductive phase in
order to reach the adequate conductivity level [2][3]. This PhD thesis is motivated by the
production of low-cost (meaning low-cost fillers and low content) and solvent-free conductive
inks for textile applications. The aim of this project is to present a simple processing route for
producing conductive inks which form a continuous film at room temperature and show high
deformability after drying.

The strategy is based on architectured nanocomposites allying conductivity characteristics of
carbon filler (carbon black, carbon nanotubes or graphene) and deformability of a polymer
binder, a latex. A latex is a colloidal suspension in water of polymer particles (10 nm to 10
um diameter) [4]. In adequate conditions, these particles coalesce after water evaporation to
form a continuous polymer film. The interest for conductive nanoparticles, and more
specifically for carbon nanotubes and graphene, has grown since the past ten years. These
conductive fillers have many benefits in polymer-based nanocomposites for various
applications, like printed electronics.

Currently, the metal-based conductive inks contain at minima 40% of conductive filler. The
nanocomposite conductive inks can be prepared by many methods such as melt or solution
route between a polymer matrix and the conductive fillers. To reduce the content of fillers,
and consequently the ink cost, the latex route will be favored to formulate the inks. This
synthetic route is sustainable as a latex is made of polymer nanospheres suspended in an
aqueous suspension and does not require the use of organic solvent. Moreover, the latex route
favors the built-up of a tunable architecture of fillers. The conductive fillers will be trapped
between the foreign latex particles during the film-formation and so promote the creation of a
percolating network of fillers at lower filler content [5]. Among the carbon fillers, 2D-fillers
(platelets) would both favor filler contacts compared to 1D-fillers (nanotubes) and lower the
percolation threshold compared to 3D-fillers (spheres). Thus, for geometrical considerations,
platelet-like fillers [6] seem to be a good choice to build up an efficient network with polymer
nanospheres.

In this work, the challenge relies on the production of adequate conductive fillers with
specific dimensional characteristics that do not destabilize the latex during physical blending
or in situ polymerization in order to obtain conductive inks. In literature the most popular
route to synthesize graphene is based on a chemical method, so-called Hummer’s method [7].
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Despite its popularity, this method presents noticeable disadvantages as it relies on a long and
multistep synthesis using many chemical products. As an alternative, Knieke et al. proposed a
production of Nanosize Multilayered Graphene (NMG) based on the mechanical delamination
of graphite in wet grinding media [8]. This mechanical method is cost-effective and avoids
organic solvents. In this thesis, this procedure has been chosen and the NMG water
suspensions are conveniently used as is in the subsequent processing steps of the
nanocomposite material. The delamination process requires the use of a large amount of
graphite flakes, but these are cheap and reusable raw materials. The stability of the
suspensions is provided by the addition of surfactants molecules or polymeric stabilizers
which bring a hydrophilic head and hydrophobic tail. These molecules will cover the surface
of the graphite (and NMG) particles with the hydrophilic head pointing in the water phase
favoring repulsion interactions between particles.

After the production of Nanosize Multilayered Graphene, using a low-cost and solvent-free
method, nanocomposite conductive inks have been realized by two different processes:
physical blending of the conductive fillers and acrylic latexes or in situ polymerization in the
presence of graphene. The aim is to produce armored polymer particles, meaning that the
surface of the polymer particle is covered with NMG platelets. Geometrically, the latex
diameters need to be higher than the NMG lateral dimensions. With NMG platelets showing a
lateral dimension around 50 nm, latex diameters around 0.3-1um should be adequate. To
produce latexes, polymerization in dispersed media is chosen and particularly polymerization
processes in emulsion, miniemulsion and dispersion. With different experimental conditions,
these processes allow the synthesis of latex particles in a wide range of sizes.

This thesis is divided in four chapters.

After this brief introduction, Chapter 1 is a state-of-the-art based on selected articles of the
literature which will recall a basic knowledge concerning conductive inks formulation, latex
synthesis, graphene syntheses and properties and graphene-based latex nanocomposites.

Chapter 2 details the production of nanosize multilayered graphene (NMG) throughout the
mechanical delamination of graphite suspensions stabilized by various surfactants and/or
stabilizers. The impact of the nature of the stabilizer on the dimensions (lateral size,
thickness) and concentration of the NMG formed will be investigated.

Chapter 3 focuses on physical blending’s of NMG suspensions and latex particles with two
different diameters, 300 and 650 nm. The morphology, electrical and thermomechanical
properties of the two series of nanocomposite films are successively studied.

Chapter 4 deals with the synthesis of graphene-based nanocomposites by in situ
polymerization in presence of NMG suspensions through various polymerizations ways
(emulsion, miniemulsion or dispersion). The electrical properties of these nanocomposites are
compared with the physical blending.
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A conclusion will then summarize the main results of this work and will propose some
opening. In the appendix, the major experimental techniques which were used in this work
will be detailed.
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Chapter 1- State of the art I- Context

Introduction

This chapter provides the context and information on graphene/polymer nanocomposite
materials required to understand the content of this work. First, a brief description of the
flexible electronics market and development of conductive inks will be presented. Then, the
existing processes for graphene synthesis and the resulting graphene properties will be
described, followed by a state of the art on the incorporation of graphene in polymers and the
elaboration of graphene-based nanocomposite latexes. These two last parts will focus on
nanocomposites with enhanced electrical properties.

I. Context

1. Functional textiles

Textile is a familiar material used in variety of situations, such as transport, furniture,
architecture, medical care, clothing... Functional textiles refer to a broad range of products
that extend the functionalities of common fabrics. Numerous applications, ranging from
military and security to personalized healthcare, hygiene and entertainment can be targeted ™).
Such smart textiles will be able to sense and react to environmental conditions or stimuli, for
example, mechanical, thermal, chemical or magnetic interactions ?. Functional textiles
already available on the market count, for instance, refreshing or slimming functions using
microencapsulation of active molecules ™! and also antistatic and thermo-regulating functions
for bedding or sport applications by weaving of metallic threads into the fabrics (Figure 1a)
(451 More recently, wearable electronics or e-textiles, with incorporation of microelectronics
onto the fabric, have been developed (Figure 1b) ©. The patented achievement of Eleksen
called ‘Eleck Tex®’ is a laminate of textile fabric layers (0.6 mm thick) producing flexible
touch sensors (Figure 1a) [”. The inbuilt sensor can detect where and how hard the fabric is
pressed. Three engineering students also developed a ‘data logging’ compression shirt that
helps baseball pitchers avoiding torn ligaments. This high-tech shirt, which is fitted with
motion sensors and a web of conductive threads, tracks its wearer’s pitching mechanics
during a game in real time, then relays that data to a monitor (Figure 1b) .

Figure 1. Examples of thermo-regulating or e-textiles applications : a) Eleck Tex® " and b) a ‘data
logging’ compression shirt ®.
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Hence, there are huge opportunities to add functionality and improve performances of textiles.
This market, including interactive and smart textiles, is estimated at 2 billions dollars in 2015
[ and is in development. Textronics commercializes a line of sport products (Numetrex®©)
which integrates sensors for heartbeat measurements. Recently, Citizen Science has produced
smart textiles connected to smartphones for sports applications. The automotive industry also
considers functional textiles as opportunities to reduce costs of traditional features such as
heated seats or safety sensors.

The context of this PhD work focuses on smart textiles applications, with the incorporation of
conductive materials on the fabric. Among possible functions considered, there are anti-static,
thermo-regulating and electronic functions. Different approaches can be applied to produce
electrically conductive fabrics. First, by weaving conductive yarns into the textile structure *!
- with this technique, the softness and comfort of the final composite textile can be degraded.
The conductive yarns themselves can be produced through different processes such as twisted
metal wires, metal coating or metal fibers !4, The structure of conductive yarns, with the
conductive material in red, is detailed in Figure 2.

a. Metal-wrapped Yam b. Metal-filled Yam c. Metal Yam

Figure 2. Weaving of metal fibers for e-textiles applications. 2

Low resistances of 10 to 500 Q/m can be reached with these fibers ™. More recently,
conductive coatings and inks have been applied onto fabrics and papers to provide flexibility
to the systems and reduce stress on the substrate. The conductive coating can be deposited on
a non-conductive substrate through classical printing techniques.

Another approach is to develop surface treatment adequate for application of existing
conductive inks meaning inks that were developed for non-flexible substrates. In Figure 3,
paper ™ is covered with a polymer layer (PowerCoat®). This surface treatment offers
excellent printability and adhesion of standard conductive inks.

Figure 3. Printing of conductive inks on flexible substrates. !
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This PhD work focuses on the development of a conductive ink recipe based on a polymer
latex associated to graphene-based conductive particles. The state-of-the-art of conductive
inks is presented hereafter.

2. Conductive inks

Conductive inks can be coarsely divided into two categories depending whether they contain a
polymeric binder or not. In the first case, conductive particles are dispersed in an organic
solvent using a stabilizing agent. After being deposited onto the substrate, a sintering step at
high temperature (>500°C) is required to form the final conductive component ™, which
process is not adequate for flexible substrates nor textiles . In the second case, a polymeric
binder in solubilized in an organic solvent to form the medium. Then, the conductive particles
are dispersed in that medium. After being deposited onto the substrate, film formation occurs
at low temperature (<120°C) and some flexibility of the final conductive component is given
by the polymeric binder. This approach is more adequate for printing on textiles and is
detailed here.

a. Inkrecipes

Most of commercial conductive inks are solvent-based inks composed of fine conductive
particles dispersed in an organic solvent containing a conductive or dielectric binder. A
typical ink recipe is given in Table 1. The volume fraction of conductive particles is rather
high and depends on their shapes and dimensions. It has to be maintained above the minimum
volume fraction required for inter-particle connectivity. As more and more conductive fillers
are added to the polymer matrix, a filler network begins to form that allows the composite to
transition from insulator to conductor. This transition named percolation threshold
corresponds to the critical volume fraction of filler needed to obtain the first percolating path
throughout the polymer matrix ™. The concept of percolation theory is currently used in
materials science; and is often employed to describe transitional behavior of electrical and
mechanical properties in composites ¢,

Table 1. Typical ink recipe extracted from Gwent group website ™!

Constituents wt %
Conductive phase 27-70
Polymeric binder 9-3
Organic solvents 64-27

Dupont, Toyo ink or Sunchemical are currently the main actors for conductive inks
development. The conductive particles can be metallic (copper, silver, gold...), conductive
carbon particles or conductive polymers.

Metallic particles

Metal-based conductive inks are typically composed of metallic micro and/or nano-particles
(flakes or powders). Silver % or gold are most commonly chosen ¥ for their chemical
inertness in ambient atmosphere and good electrical conductivity. Metallic particles exhibit
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high electrical conductivities as detailed in Table 2 2 for inks containing 40-60 wt% of
metallic particles. Electrical conductivities are measured after ink printing and drying.

Table 2. Electrical conductivity of printed conductive inks containing 40-60 wt% of metallic particles.

Particle Electrical conductivity
Silver (Ag) & 6.310'Sm*
Copper (Cu) 5.10'Sm™
Gold (Au) #4 4410"Sm?
Aluminum (Al) 3.810'Sm?

For example, Russo and coworkers recently developed a pen-on-paper ink based on
poly(acrylic acid) coated silver particles (mean diameter: 400 = 120 nm) in order to write
conductive paths directly on paper ®!. A viscosity enhancer was added, namely hydroxyethyl
cellulose, to tailor the ink rheology. These inks contain 40 to 65 wt% of silver particles and
electrical conductivities reached 2 10° S m™ after deposit on a substrate and a sintering step
over 100°C.

Metallic conductive inks usually exhibit relatively high electrical conductivities, but high
weight percentage of metal particles are necessary (40-60 wt%). Due to the high cost of
metallic particles, other approaches have thus been developed.

Conjugated polymers

As an alternative to metallic particles, conductive polymers have been studied. These
conductive polymers are characterized by their conjugated bonds that confer them electrical
conductive properties. They present high conductivity (100-1000 S m™) compared to classical
polymers which are insulators (107-10° S m™), relatively easy process and long term-
stability.

Among conductive polymers, poly(3,4-ethylenedioxythiophene)-poly(styrene sulfonate)
(PEDOT-PSS), is among the most popular. It was commercialized in the 1990s %!, PEDOT-
PSS is a polymer blend comprising PEDOT and PSS. PEDOT is a n-conjugated polymer
which is electrically conductive and optically transparent, while the addition of PSS improves
the solubility. According to Nardes et al. ), the microstructure of PEDOT-PSS is composed
of PEDOT-rich islands surrounded by PSS thin layers. Due to their unique electric and optical
properties, PEDOT-PSS thin films are widely used as conductive layers in organic electronic
devices and are also suitable for fabrication of flexible electronics %8\, However, compared
with metallic conductive inks, conductive polymers still exhibit a relatively low conductivity
(291 They can be combined with metallic particles such as silver to improve the overall
electrical conductivity %!,

Carbon based particles (Carbon Nanotubes (CNT), Graphite, Graphene related)

Carbon-based particles are also attractive candidates for conductive inks due to their low cost
and good electrical conductivities. Graphite and carbon black have been used as conductive
fillers in acrylate polymers by Rangel et al. for pressure sensitive automatic systems
applications Y. Simple paper electronic applications with graphite powders have also been



Chapter 1- State of the art I- Context

developed 2. CNTs have been used as conductive fillers for printed thin films by many
researchers **. CNTs can be dispersed in various polymer matrices, such as PEDOT-PSS B
or PMMA, to obtain printed thin films 2 1],

However, carbon particles are hardly stable in water suspensions. Among the various carbon-
based materials, graphene, a flat monolayer of carbon atoms tightly packed into a two-
dimensional (2D) honeycomb lattice, is considered as a potential material for carbon-based
inks because of its remarkable characteristics ®*8. Graphene bi- and tri-layer was used as
protective coating against oxidation on copper-based inks B% or directly for the production
graphene/water suspension inks [“’!. But due to its hydrophobicity, graphene is not stable in
water-based ink suspensions and graphene oxide (GO) particles were rather used instead to
increase the stability of the suspensions. Indeed, the latter can be easily dispersed in water due
to the presence of polar on its surface. To recover the electrical properties of graphene, a
chemical or thermal reduction of GO is thus necessary. However, remaining oxygen-
containing groups are responsible for a loss of electrical conductivity compared to pure
graphene. Giardi et al. developed graphene/acrylic composite inks with UV reduction of the
GO platelets after ink printing Y. But the electrical conductivity obtained was still too low
for flexible electronics applications. GO can also be reduced using Infrared Lamp 2,
hydrazine bath Y or an heat treatment at 500°C 1!,

b. Printing techniques

The conductive ink and paste business is a large market that has generated 2 billion dollars in
2013. Classical printing techniques can be used such as inkjet printing "4, screen-printing *!,

flexography “®! or offset lithography "' (Figure 4).

a. Inkjet printing b. Screen printing
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Figure 4. Main printing techniques: a) inkjet printing, b) screen printing, c) flexography and d) offset
lithography.
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Similarly to classical inks, each printing technique relies on specific ink characteristics such
as viscosity, open-time, surface tension or solid content. Table 3 summarizes the main
characteristics of the different printing processes usable for classic inks.

Table 3. Main characteristics of the different printing processes for classic inks.!*®!

Offset

Screen printing Flexography Inkjet printing

lithography

Printing process

High quality works,

Printing of large area Packaging, bags, Office printers, items,

Applications . packaging, .
(poster, advertising) paperboards el b textiles
Resolution ~120dpi Up to 200 dpi Up to 600 dpi Up to 600 dpi
Printed -
samples Film 20-100 pm 6-8 pm 1-2 um ~ lpm
thickness
Viscosity 0.1-10 0.01-0.1 5-50 .0.01
Ink (Pa.s)
characteris e
tics tension - - .35 30-40

{mN/m)

Paper, paperbroad, Paper, paperbroad,

Productivity

All substrates

Slow process (< 800
sheets/h)

Interactions between
the screen and the
ink can affect the
homogeneity of the
printed film creating
irregularities in

metal, polymer film,
glass, etc...

. 600 m/min

Irregular ink films can be
obtained due to the
squashing of the plate on
the substrate, leading to
differences of thickness
between the center and

metal, polymer film,
glass, etc...

Sheet-fed press: . 10
000 sheets/h

Presence of
dampening solution
can affect the ink
conductivity.
Waterless offset can

All substrates

~ up to 150 m/min or
1600 sheets/h

Risk of placement
errors can induce
undesirable ‘satellite’
drops and reach areas
that should not be
printed

be investigated

conductivity edge of the pattern

Inkjet printing differs from other printing processes because it is a digital process that allows
direct printing of various patterns on demand. This process is contactless and flexible. Ink
viscosity and surface tension are crucial parameters in the formulation of an inkjet ink. The
viscosity must be low enough in order to allow the exit channel of the nozzle to be refilled at
high frequency. The surface tension must be adequate to favor drop formation. Typical inkjet
inks have a viscosity around 10 mPa.s and a surface tension around 35 mN m™. In addition,
another major concern in ink formulation is to avoid nozzle clogging when using suspensions
with particles. Clogging can also occur when ink dries inside the nozzle, especially with
water-based inks or with polymers which film-form at room temperature. In addition,
aggregation phenomenon should be avoided: the maximum particle size must be lower than
one to ten micrometers, depending on the nozzle size “*). Note that sedimentation without
aggregation should be acceptable as far as the sediment flows back in suspension after
shaking.

The aim of this PhD work is to develop a simple elaboration route for producing conductive
inks that form a continuous film at room temperature and that exhibit high deformability after
drying. The strategy is based on nanocomposites combining the conductivity characteristics of
Multilayered Graphene and the deformability of a polymer binder and presenting a specific
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meso-scale morphology that favors percolation at low content of conductive phase (<20 wt.
%).

II. Nanosize Multilayer Graphene (NMG)

1. Description

The proper definition of graphene is a two-dimensional monolayer of carbon atoms closely
packed in a honeycomb lattice (Figure 5a). Graphite is represented by the stacking of a large
number of graphene monolayers into a three-dimensional structure (Figure 5b). A graphene
monolayer has a theoretical Van Der Walls (VDW) thickness of 0.34 nm, which is the
thinnest two-dimensional nanofiller reported so far Y. Graphene exhibits exceptional
mechanical 2, optical ®¥, electronic ® and thermal properties *°!.

et iyt e o
|
| .

Figure 5. a) Single layer of graphene, b) graphite structure and c) distributed & and = bonds on the
graphene structure.

Within graphene, one o-orbital and two in-plane m-orbital of carbon are associated with sp
hybridization ®®.. The = bonds, available both above and below each graphene layer (Figure
5¢), can overlap with those from neighboring carbon atoms. The c-electrons are tightly bound
and so they can hardly contribute in current conduction, but the = and ©* orbitals can behave
like valence bands and conduction band and induce the planar conduction mechanism F7.
Due to these properties, graphene is known as a semi-metal. Another parameter is its
extremely high aspect ratio (ratio of lateral dimensions to the thickness), 10* or higher, and its
high intrinsic flexibility.

For clarity sake, we describe in the following the different graphene-based compounds that
can be found in literature. Few Layer Graphene (FLG) designates a component made of 2 to
20 layers of graphene and exhibiting micron scale lateral sizes. Graphene and FLG can be
functionalized through non-covalent approach (VDW, Electrostatic, n-r staking) P& 5% Few
authors functionalized the end chain of their polymer with pyrene groups to favor z-n staking
interactions with graphene platelets (61,

Common chemical derivatives of graphene are Graphene Oxide (GO) and reduced Graphene
Oxide (rGO). GO designates FLG exhibiting groups containing oxygen atoms on the surface
such as carboxylic, hydroxyl and epoxy groups (Figure 6).
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The carboxylic and hydroxyl groups can be used for functionalization *21% [ For covalent
functionalization of GO, the following modifications can be used: amination °°!, esterification
%] " isocyanate-grafting ! or polymer grafting °®. GO is an insulator and a reduction is
needed to recover electrical properties. After subsequent reduction, GO is designated as rGO
(and not FLG) as defects on the surface remain and electrical conductivity cannot be fully
recovered.

Figure 6. Structure of graphene oxide (GO).

The term rGO mostly appears in papers dealing with materials science. They might be
designated abusively under the term “graphene” although the term FLG would be more
appropriate. In this PhD work, the term Nanosize Multilayered Graphene (NMG) is chosen to
describe FLG with a small lateral dimension (< 400 nm).

Moreover, in literature many approaches can be found to produce conductive composite
through functionalization of GO with subsequent reduction. However, in this PhD work the
focus is made on a direct production of conductive composites without the oxidation-
reduction step.

Table 4 highlights the differences in terms of properties between graphene monolayer, that
can be almost considered as a “model material” and Few Layer Graphene (FLG) that is closer
to a “real material” that can be produced under industrial conditions. Values for the intrinsic
conductivity of graphene monolayers are largely documented in literature and have been
reported to be around 10°-10® S m™ for in-plane conductivity. It was demonstrated that in-
plane conductivity decreases with increasing number of graphene layers due to overlapping of
the non-hybridized p, orbitals perpendicular to the sheets. The addition of one layer to a
monolayer was found to divide by half the conductivity while further addition leads to lower
influence 2. Thus the intrinsic conductivity of FLG and NMG is expected around 10°-10" S
m™. An increase of the number of graphene layers will also induce a decrease of the elastic
modulus, thermal conductivity and a small increase of the opacity.

Table 4. Physical properties of graphene monolayer and few layer graphene (FLG).

Few layer graphene

Properties Monolayer (FLG or NMG)
Elastic modulus 1 TPa ¥ 0.5 TPa [*!
Thermal conductivity 5.110° W mK™ B 5-25 10" W mK [
Electrical conductivity 10’ S mt 10°%-10" S m* 172
Optical properties 2.3 % of opacity ["*! 16% of opacity ¥
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FLG and NMG are interesting compromises for conductive inks applications and their
incorporation into polymers has been found to lead to substantial improvements in mechanical
and electrical properties at lower contents compared to expanded graphite [ [7¢].

2. Production of NMG

Graphene was discovered by A. Geim and K. Novoselov using the so-called « scotch tape »
method which consists in peeling graphene sheets from a graphite pencil using an adhesive
tape. They have been rewarded for this discovery with a Nobel Prize in 2004. Since then,
many methods have been developed to produce graphene. These methods can be divided into
two main categories : “bottom-up” approaches like Chemical Vapor Deposition (CVD) or
epitaxial growth, and “top-down” approaches like adhesive tape technique or liquid phase
exfoliation I’"). These processes are compared in Table 5.

Table 5. Synthesis ways to produce graphene flakes ["®!.

Synthesis Size of graphene Properties Applications
process flakes
Adhesw_e tape 5 t0 100 pum Smal! scale p_roductlon, hl_gh cost, Research purpose
technique high quality, uneven films
s Moderate scalability, high cost, Touch screens, smart
(on NCI:\éEL)J Co) {j';sfllmi high quality, high process, windows, flexible
T H temperature > 1000 °C LCD & OLEDs
Low yield ,high cost, . o
Epitaxial growth Thin films high quality, high process, Transrls'é?rr]so,rcwcmts
on SiC (> 50 pm) temperature (1500°C) . Y,
) semiconductors
very expensive substrate
- Nanosheets in . - . Polymer fillers,
Lame  person  MOSOUIOLYEG gt decroces
(nm to few pum) quality, and sensors
Chemical Nanoflakes in . - Conductive inks and
, High scalability, low cost, g .
reduction of powder paints, polymer fillers,

low purity, high defect density

graphene oxide (nm to few pm) Sensors

The adhesive tape technique, CVD and epitaxial growth cannot provide a large amount of free
standing graphene. Due to the intended application, we will focus on liquid phase exfoliation
and chemical reduction of graphene oxide in the following part.

a. Chemical reduction of graphene oxide (GO)

This approach takes advantage of the fact that, contrary to graphite, graphite oxide is easily
exfoliated into GO sheets in water. Synthesis of graphite oxide has been successfully realized
by Brodie in 1859 !, Staudenmaier in 1900 B and Hummer in 1958 Y. In this synthesis,
graphite is oxidized by chemical treatment with potassium permanganate (KMnQO,) and nitric
acid in concentrated sulfuric acid to form graphite oxide. Graphite oxide is then exfoliated
into GO sheets by ultrasonication to form a stable GO aqueous dispersion. The final product
can be purified by centrifugation and dialysis to remove aggregates and inorganic impurities
such as metal ions or acids. The oxidation time and the amount of oxidants influence the size
of GO sheets produced by chemical exfoliation 2. GO synthesis can be realized in various

10
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solvent, such as water %! acetone 4, N-Methylpyrrolidone (NMP) ¥ or tetrahydrofuran
(THF) #°I,

To recover the electrical properties of graphene, GO must be rigorously reduced after
exfoliation. The chemical reduction of GO has been studied for many years and can be done
using a variety of reducing agents. Hydrazine is the most common reducing agent used but its
toxicity has prompted researchers to develop new reducing agents, such as sulfur compounds
87 hydroxylamine ¥ or vitamin C ¥ to obtain graphene suspensions in water. For
reduction in organic solvent, solvothermal reduction in NMP % or via gamma-ray radiation
have been proposed PY. During the reducing step, a restacking of rGO can happen, which
limits its effectiveness as filler for nanocomposites P2, So, to favor rGO stabilization after
reduction, surfactants or polymeric stabilizers may be used. For example, Stankovich et al.
used sodium poly (styrene sulfonate) (PSSNa) to stabilize GO platelets during reduction with
hydrazine ®¥. Synthesis of reduced graphene oxide using a chemical way allows the
production of concentrated graphene platelets with a lateral size between 200 nm and a few
pum. Reduction of graphene oxide can also be done thermally at high temperature (1050°C) or
electrochemically .

The reduction process influences the final properties of the graphene sheets, and particularly
their capacitance . Cheng et al. reviewed the impact of GO reduction processes on sheet
resistance [°® (Figure 7) and showed that sheet resistance of pristine graphene cannot be fully
recovered after reduction. Non conjugated sp* carbon atoms constitute most of the defects
present at the surface of rGO. Some oxygen-containing groups can remain and facilitate
interaction and dispersion with polymers 71 however these remaining groups also affect the
final electrical properties
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Figure 7. Impact of the GO reduction process on the sheet resistance %,

As an alternative to reduced graphene oxide, FLG can be produced by liquid phase
exfoliation. This process and its comparison with the graphene oxide reduction process are
presented below.
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b. Liquid phase exfoliation

Process

Strong Van Der Walls interactions bind graphene layers together so that the exfoliation of
graphite in solution requires high energy input. To overcome these forces, two main
approaches exist: i) sonication of graphite in solvent systems with chemical functionalization,
and ii) treatment of graphite to weaken interlayer interactions. To obtain graphene sheets of
few micrometers in lateral size, graphite can be sonicated in organic solvents, like N-methyl
pyrolidone (NMP) 8. NMP is an efficient solvent because it has a surface energy close to
that of graphene, which minimizes the energy cost associated with exfoliation. In this process,
the cavitation bubbles generated by the ultrasonic field produce shock waves that break apart
the graphite flakes, which are subsequently stabilized by the solvent. An addition of an
intercalation compound, like in potassium-intercalated graphite, KCg %, can also help the
exfoliation of graphite and favor high concentrations of graphene in suspensions (0.7 mg mL"
1) % The introduction of positive or negative charges between the graphite layers promotes
exfoliation and stabilization of the sheets in organic or aqueous media. Sonication has been
demonstrated as a decent exfoliation procedure in a liquid with a surface tension similar to
that of graphite. It is known that the sonication produces different effects on exfoliated
nanosheets and layered materials, for instance sonication-induced scission can break larger
crystallites into smaller crystallites and vibration can chip off thin 2D nanosheets from outer
surfaces of layered materials ™®. Small molecules, such 1-pyrenecarboxylic acid, can interact
with graphene via n-x stacking and easily exfoliate graphite with simple agitation %,

To increase the concentration of graphene in solution up to 1 mg mL™, surfactant molecules
can be used to help the exfoliation of pristine graphite during sonication. Pristine graphite can
also be sonicated in aqueous surfactant solutions ™*¥ to produce graphene platelets up to a
few micrometers in lateral size. Guardia et al. demonstrated that non-ionic surfactants such as
tween-80 allow the production of high concentrated graphene suspensions (i.e. up to 1 mg
mL %! Lotya et al. proposed the production of graphene sheets with 6 layers using sodium
dodecyl benzene sulfate (SDBS) as a surfactant %! Lee et al. combined SDBS with
fluorinated intercalation compound to create graphene sheets in aqueous suspension 7. This
one-step process allows the creation of expanded graphene sheets with low thicknesses (i.e.,
typically 5 layers). Moreover, the graphene obtained is sufficiently expanded to be dispersed
in aqueous solutions or organic solvent.

Alternatively, ball-milling in organic solvents (Dimethylformamide (DMF)) can be used to
replace sonication but low yield is obtained ™. In order to obtain high concentrations of
graphene in water suspension, Knieke et al. proposed the production of multilayered graphene
via a simple mechanical process in water. This mechanical method is not popular yet,
however it presents considerable advantages such as cost-effectiveness and no use of organic
solvents %1, Multilayered graphene is obtained after four hours of mechanical delamination
of graphite platelets in water suspensions (Figure 8). In this process, a graphite/surfactant
suspension is injected in a reactor in a close-pack circuit. The rotating reactor contains
zirconia beads with a mean diameter of 800 um. The high shear energy of the ceramic beads
produces the exfoliation and break of the graphite platelets.

12
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Multi-layered graphite

|

Graphene

(a) (b)

Figure 8. Scheme illustrating the creation of multilayered graphene from graphite platelets by using
the wet ball-milling method ©®

To stabilize graphite and the resulting graphene flakes, Sodium Dodecyl Sulfate (SDS) was
used as a surfactant and a concentration above the Critical Micelle Concentration (CMC) was
needed. The CMC is defined as a surfactant concentration above which surfactant micelles are
formed. In fact, a large surface area of graphene is created during the delamination process.
This process can be a good alternative in order to produce water-based inks for inkjet printing.
Indeed, the presence of surfactant allows decreasing the surface tension down to around 35
mN m, which is suitable for inkjet printing.

Table 6 summarizes the final characteristics of the multilayered graphene platelets obtained
after a chemical process through Hummer oxidation, or after mechanical delamination,
through wet grinding. Regarding the size characteristics, the same order of magnitude for
thickness is obtained with both processes but the lateral size of the platelets can be lower
using the mechanical method. The production time is shorter for the mechanical process. The
yield corresponds to the final graphene mass divided by the initial graphite mass. The low
yield for the mechanical method is balanced by the shorter time of production compared with
the chemical method. In addition, the mechanical delamination leads to a large amount of
graphite by-products that could be recycled in a subsequent mechanical delamination batch.
Whereas, the chemical method uses important concentrations of dangerous products (such as
sulfuric acid) and consequently only small mass of graphene can be produced at each
synthesis.

13
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Table 6. Comparison of two “top-down” processes to obtain multilayered graphene to produce 2g of

graphene.
Method Chemical Yield Graphene Lateral size Thickness Process
products (%) type (um) (nm) duration
NaNQOs,
: H,S0O,,
Cr:]lg{?]g:gl KMnO,, 20% rGO 0.1-2 1-10 5 days %!
Hydrazine,
Graphite
: Water,
Mfﬁgﬁggal graphite and 4% Fl\% I\?I g 0.02-1 1-10 4 hours 1]
surfactant

Mechanical process is a good candidate for industrial upscaling of NMG and FLG production.
As it will be detailed further in chapter I, this process has been chosen in this work to
produce Nanosize Multilayered Graphene.

Stabilization of NMG in suspension

Graphene platelets are difficult to suspend in water due to their high hydrophobicity. To
promote their dispersion and stabilization in water, a stabilizer is usually added during the
reduction of GO or during the liquid phase exfoliation of graphite. Three kinds of stabilizers
are commonly reported: surfactants, polyelectrolytes and non-ionic polymeric stabilizers.

- Surfactants

Surfactants are defined as amphiphilic molecules, meaning that they contain both
hydrophobic tails and hydrophilic heads. Surfactant molecules can adsorb on interfaces, and
can thus stabilize hydrophobic particles suspended in water media. Sodium Dodecyl Sulfate
(SDS) (Figure 9) is commonly used to stabilize carbon compounds like carbon nanotubes,
graphite and graphene [11% (i1t (1121 3] Qe jmportant parameter of surfactants is their CMC
which is the concentration of surfactant at which micelles first appear in solution. Methods to
measure CMC are all based on the fact that physical or chemical properties of the suspension
abruptly change at or above the CMC (density, conductivity, surface tension, etc). Among
these methods, surface tension measurements allow a rapid and reliable determination of the
CMC of most surfactant molecules.

%
/\/\/\/\/\/\O—ﬁ—O' Na*

@)

Figure 9. Chemical structure of Sodium Dodecyl Sulfate (SDS)

In a system consisting of only surfactant molecules in water, below the CMC, the surfactant
molecules are located either in the water phase, on the walls of the container, or at the water-
air interface (Figure 10). As the concentration of surfactant increases, the surface tension
decreases rapidly until the CMC is reached. For surfactant concentrations above CMC,
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surfactant molecules aggregate into micelles and the surface tension stays constant as there is
no significant enrichment in surfactant at the water-air interface anymore. Thus on a surface
tension vs. concentration curve, the start of the plateau marks the CMC (Figure 10).

Air
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In {surfactant concentration / M)

Figure 10. Scheme of the CMC measurement by interfacial tension.

Several authors have studied the adsorption behavior of surfactant molecules onto graphite
surfaces. To increase the concentration of graphene in suspension, sodium dodecyl benzene
sulfonate (SDBS), can be used as an alternative to SDS (Figure 11).

v O Ma

ol

Figure 11. Chemical structure of SDBS

The planar aromatic structure of graphene can interact with surfactants with a hydrophobic
tail containing planar or nearly planar polycyclic structures and/or unsaturated or aromatic
rings where strong n-n interactions are possible. Compared to SDS, the hydrophobic tail of
SDBS contains an aromatic ring in addition to the dodecyl chain **. Several authors proved
that SDBS stabilizes more than SDS (Figure 12). A concentration of up to 1.5 mg mL™ of

graphene was obtained with SDBS 1% compared to 1.2 mg mL* with SDS, under similar
conditions.

After

3 weeks

Figure 12. Stability of expanded graphite sheets (lateral size of few pum) in water with SDBS or SDS
as surfactants
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- Polyelectrolytes
A polyelectrolyte is a polymer with several ionizable groups along the molecule which will
stabilize particles by electrostatic interactions. Sodium poly(styrene sulfonate) (PSSNa) is a
polyelectrolyte, widely used for the stabilization of Multiwall Carbon Nanotubes (MWCNT)
in water ™71, PSSNa is composed of repeat units similar to the chemical structure of SDBS
and is also adequate to stabilize graphene platelets in water **! (Figure 13).

Figure 13. Chemical structure of PSSNa

The reversible association of carbon nanotubes with PSSNa in water was identified as being
thermodynamically driven by the elimination of a hydrophobic interface between the tubes
and the aqueous medium M8 A very different kinetic mechanism suggests that long-ranged
entropic repulsions among polymer-decorated tubes act as a barrier that prevents the tubes
from approaching !,

- Polymeric stabilizers

Polymeric stabilizers can be either non ionic or ionic and create physical or chemical
interactions, with carbon-based fillers, thus contributing to their stabilization via electrostatic
or steric mechanims. Poly(N-vinyl pyrrolidone) (PVP) is a stabilizer containing hydrophilic
pyrolidone moieties, and a polyvinyl hydrophobic backbone (Figure 14). It can thus adsorb on
hydrophobic surfaces and promote steric stabilization in aqueous solutions 2. PVP has been
widely used to improve the stability of carbon nanotubes or rGO in water suspensions eIt
For example, Arzac and coworkers used PVP to stabilize rGO during the reduction step.

W
g

Figure 14. PVP chemical structure

Polymeric stabilizers containing PEO (Figure 15) have also been studied in literature for the
stabilization of carbon compounds. One patent reports the use of polystyrene-block-
poly(ethylene oxide) (PSbPEO) to stabilize graphene and other carbon-based fillers 2%,
Semaan et al. also demonstrated the ability of this copolymer to stabilize CNT suspensions in
aqueous phase 221,
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Figure 15. Chemical structure of PSbPEO

This polymeric stabilizer, PSbPEO, is known to create n-x staking interactions with graphene
platelets without an alteration of the graphene surface The presence of an aromatic ring
induces possible - interactions with the NMG platelets and reinforces its ability to stabilize
NMG water-suspensions*231it24],

Both PVP and PSbPEO polymeric stabilizers have been used as stabilizers for the
polymerization in dispersed media %! In this work, stabilization of FLG in water is
needed to form FLG/polymer composite via solution blending or through in situ
polymerization. Adding surfactants or stabilizers increases the concentration of graphene in
suspension and can favor further interactions between graphene platelets and polymer chains.

III. Latex routes to elaborate graphene/polymer nanocomposites

1. Advantages of latex routes over other elaboration routes

Nanocomposite materials with nanoscale fillers have emerged in the past decades as a
promising novel class of materials, which takes advantage of greatly increased specific

filler/polymer interfacial area, higher achievable loads and controlled interfacial interactions
[127]

Currently, multifunctional nanocomposites with improved mechanical performances are
primarily fabricated by addition of pre-treated carbon nanotubes and nanofibers %
inorganic nanoparticles ™%, or clays to polymers ™. Due to its extraordinary electrical,
chemical, optical and mechanical properties, graphene was found to be a promising candidate
3 and due to the high aspect ratio, a large surface area is developed. Mechanical
enhancements are sensitive to the surface area as they are also linked to polymer chain
confinement effect ™*2. Due to the intercalation of polymer chains into the lamellae of layered
fillers, an improvement in thermal stability can also be observed. Finally, graphene
nanosheets can improve barrier properties by acting as impermeable obstacles that provide
longer diffusion paths across the polymer matrix.

In addition to mechanical and barrier properties, graphene sheets can provide percolating
pathways for electron transfer, making the composite electrically conductive. Similar benefits
can be achieved with other conductive carbon fillers such as carbon black (CB), carbon
nanofibers (CNF), and expanded graphite. However, graphene enables the insulator-to-
conductor transition to occur at significantly lower loadings,!***! comparable to electrical
percolation thresholds for CNTs. Particle orientation also plays an important role: the
percolation threshold becomes lower when particles are aligned in parallel. !0
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Production of electrically-conductive polyolefins,™*3 vinyl I and acrylic 371038
polymers, polyesters, ™% polyamides,**! polyurethanes,**! epoxy,™* natural and synthetic
rubbers 41 with graphene has been reported. These materials can be used, for example, for
electromagnetic shielding, antistatic coatings and conductive paints.*!

Routes to produce polymer nanocomposites can be classified into four categories : i) solution
or solvent blending, ii) melt processing, iii) in situ polymerization and iv) latex route. Each of
them is developed below. The emphasis is placed on the electrical properties of the obtained
nanocomposites. Note that existing Carbon-based inks containing a polymeric binder exhibits
electrical conductivities around 10*-10? S m™.

Solvent blending

Solvent blending requires three steps: the dispersion of the fillers in the solvent, the
incorporation of the polymer and finally the removal of the solvent by distillation or
evaporation M4 An excellent compatibility of the polymer with the solvent is necessary
to achieve a good dispersion. Solvent blending maximizes filler dispersion in polymer
matrices by using pre-suspended graphene sheets. Different solvents (aqueous or organic) can
be used to suspend graphene materials, including GO and rGO. This approach has been
widely exploited due to its high dispersion efficiency, easy and fast fabrication step. Final
electrical properties are measured on the nanocomposites after hot-pressing or compression of
the obtained nanocomposite powder. Disadvantages of this approach are challenges in finding
common solvents, toxic solvent utilization, thin-film limitations, difficulties in solvent
removal, and common aggregation issues during mixing and solvent evaporation stages ¢!,

For solvent blending, many polymers have been reported in the literature as summarized in
Table 7.

Table 7. Nanocomposites made by solvent blending and their electrical properties.

Graphene Percolation Maximum
Polymer diameter (D) and Solvent threshold conductivity
thickness (t) (Sm™)
Epoxy resin X471 | D=100 nm; t=1 nm THF 0.32 vol% 107 at 2 vol%
Epoxyflﬁg]lutlon D=400 nm; t=1nm | Acetone 0.52 vol% 100 at 9 vol%
Styﬁ”;égﬂt&%'e”e D “”k”r?r‘T’]"”; =3 THF 5.3 vol% 10°° at 17 vol%
Polystyrene 15 Dzl'l?]#]m; =L NMmp | 019volw | 72.2at2.5vol%
Polystyrene ! D=1 pm; t=1 nm DMF 0.1 vol% 1 at 2.5 vol%
Polystyrene " | D=10 um; t=1 nm DMF 0.1 vol% 3.5at 1.1 vol%
PMMA (7 D=1-10pum;t | Methylene | ;010 20 at 4.2 vol%
unknown dichloride
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The percolation threshold and the maximum electrical conductivity strongly depend on the
type of polymer matrix and on graphene dimensions. As shown in Table 7, high
conductivities can be achieved under certain conditions. However, nanocomposites obtained
by solvent blending still involve the use of toxic solvents: melt processing is an alternative to
this process countering this drawback.

Melt processing

The melt process is free from toxic solvents but less effective to disperse graphene in polymer
matrices at high filler content due to the viscosity increase °2. But such high viscosities can
also promote n-r stacking interactions between polymer and graphene, which is an obvious
advantage of this process. In spite of that, very few authors have reported the use of melt
processing to obtain nanocomposite materials with good electrical properties. Zhang et al.
described the melt blending of PET and rGO. The lateral dimensions and thicknesses of rGO
were 1-5 um and 1.6 nm respectively. A percolation threshold of 0.47 vol.% was obtained and
a maximum conductivity of 2.1 S m™? at 3 vol.% of rGO was reached “*3. However as
mentioned above, the drawback of this procedure is poor dispersion compared with solvent
blending >4,

In order to increase the quality of filler dispersion, many authors used the in situ
polymerization approach.

In situ polymerization

In situ polymerization is an efficient method to improve the dispersion of carbon-based fillers
in a polymer matrix. Stronger interactions can be created between the polymer chains and the
fillers if the latter are functionalized to be compatible with the matrix. Nanocomposites made
through in situ polymerization exhibit better mechanical properties and lower percolation
thresholds than those made by solvent blending or melt processing ***. Table 8 summarizes
the electrical properties of some polymer/graphene nanocomposites made through in situ
polymerization. These syntheses are performed without any solvent.

Table 8. Nanocomposites made by in situ polymerization and their electrical properties

Polvmer Graphene diameter Percolation Maximum conductivity
y and thickness threshold (S m?)
D=100-300 nm; t }
[156] ) 0 2 0
Ethylene gas unknown 3.8 vol% 10 at 10 vol%
fOEraOJEggﬁ_rgggt[?m D>10 pm; t=1 nm - 637 at 3 Wt%
[158]
to fI:)/Ir'\r::AI\DMMA D= 1-2 ym; t unknown 0.5 vol% 10" at 2.0 vol%
MMA D=0.5-20 um; t=1-2.5 0 o
to form PMMA nm 0.31 vol% 0.1 at 5.5 vol%
[160] —15._ .
Styrene to form D=15-20 pm; t 1.1 vol% 1 at 6 W%
PS unknown

Many examples of in situ polymerization of styrene 1% 2 or MMA in the presence of
graphene ! have been reported in the literature. But no mention was made of the electrical
conductivities of the resulting nanocomposites in these cases. As illustrated in Table 8, high
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conductivities are obtained for nanocomposites combining the electrical properties of
graphene and a conductive polymer such as for instance PEDOT-PSS. Furthermore, electrical
conductivities of all other nanocomposites of Table 8 are low in comparison with
nanocomposites obtained through solvent processing.

To conclude, both the elaboration process and the nature of the polymer have an influence on
final electrical properties of graphene-based nanocomposites. Verdejo et al. ™! published a
review which compares the percolation threshold for the different processes and showed that
the lowest percolation threshold was obtained for solvent blending (Figure 16).
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Figure 16. Influence of processing on the percolation threshold of polymer/graphene nanocomposites
[144]

Polymer composites containing conductive nanofillers exhibit an enhancement of the
electrical properties and are useful for many applications. But, high concentrations of
conductive fillers are often required to achieve reasonable conductivities. Using a segregated
network composed of polymer particles as a matrix (latex) can reduce the percolation
threshold and increase the maximum conductivity obtained "®4. This processing route is
detailed in the following section.

Latex route

A latex is a colloidal suspension of submicronic polymer particles stabilized in water or in
polar solvents by surfactants or steric stabilizers. Kusy was the first to formalize the concept
of segregated network for the hot-pressing of dry mixtures containing polymers and metal
powders in order to create conductive composites ™. Polymer latexes can be used to create a
segregated network by forcing the conductive particles into interstitial spaces between the
polymer particles during drying ™. Kim et al. proposed the following scheme to illustrate
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the entrapment of carbon black particles between polymer particles during the film-forming
process and the resulting network architecture (Figure 17).

s

2. Close-Packing During Drying

4 * . NSNS
\‘ o/ ® ::"
1. Suspension in Water [ - 's__ o

l. *.
3. Polymer Interdiffusion -Coalescence
(segregated network created)

Figure 17. Scheme illustrating the production of polymer nanocomposites from an aqueous mixture of
polymer particles and carbon black 167

During water evaporation, the carbon black particles are entrapped between each polymer
particles and this arrangement of the carbon filler induces the creation of percolating paths at
low filler loadings.

For nanocomposite blends formulations, the latex route exhibits two major advantages
compared to the melt or solution routes. First, this synthetic route is sustainable as a latex is
made of polymer nanospheres in water suspension without using organic solvent. Second, the
latex route favors the built-up of a tunable architecture of fillers. This specific architecture, in
turn, favors the formation of a percolating network of fillers at lower filler contents %8, As a
result, the final nanocomposite microstructure counts two interpenetrated networks, one made
of the polymer matrix and the other one made of percolating fillers !,

2. Percolation description of latex-based composites

The percolation theory is used to describe very different transition phenomena such as sol-gel
transition or virus propagation . In materials science, it is often used to describe
transitional behavior of electrical and mechanical properties in composites ™. The critical
volume fraction (percolation threshold) is the filler fraction needed to obtain the first
percolating path throughout the polymer matrix. In a percolation approach, the fillers
embedded in the composite are described using two types of clusters: the finite clusters and
the infinite or percolating clusters, comprising a backbone and dangling bonds (Figure 18).
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Figure 18. Percolation behavior in a latex-based graphene nhanocomposite.

Graphene platelets as conductive fillers were chosen for geometrical considerations. In fact,
platelet-like fillers (graphene) are a better compromise than fiber-like (carbon nanotubes) or
spherical fillers (e.g. carbon black) to built-up an efficient network with polymer nanospheres.
The use of platelet-like fillers favors surface contacts between fillers compared to fiber-like
fillers and limits the total filler volume fraction compared to sphere-like fillers.

Ghislandi and coworkers ™ studied the influence of various carbon-based fillers on the
electrical properties of composites made from polypropylene (PP) latexes through physical
blending followed by melt-compression. Figure 19 details the impact of the carbon-based
fillers on the electrical properties. The shape of the filler, tubes (CNTSs), platelets (Graphene)
or spheres (carbon black), seems to have an impact on the percolation threshold (shown by
dashed lines). Moreover, a decrease of the size dimensions of the carbon filler (between
graphite and graphene) induces a sharp decrease of the percolation threshold.
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Figure 19. Impact of various carbon-based fillers on the electrical properties of PP nanocomposites
[171]

The size ratio between the polymer nanospheres and the fillers can be discussed as a
compromise. On the one hand, the platelets have to be large enough to limit the number of
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conductive platelets needed to cover the surface of the latex spheres and so the number of
contacts. Indeed, intuitively, the contacts between fillers will have a lower conductivity than
the intrinsic conductivity of the filler itself. On the other hand, the platelets have to be small
enough in order not to destabilize the blend nor hinder the film formation process of the latex
nanospheres.

Moriarty et al. studied the electrical properties of physical blends of P(MMA-co-BA) latex
particles and carbon black "% and found a correlation between the diameter of the latex beads
and the percolation threshold (Figure 20). As expected, the percolation threshold decreased
with an increase of the latex diameter.
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Figure 20. Percolation threshold as a function of carbon black concentration for different latex
particle sizes!**

In this work, the nanocomposite architecture is tuned using a latex route %!, Two routes are
proposed to form graphene/latex nanocomposites: physical blending of blank latex particles
and graphene platelets and in-situ polymerization in the presence of graphene.

3. Synthesis of polymer latexes

Latex particles are prepared via polymerization in dispersed media. Such polymerizations are
classified into five different categories depending on the nucleation and polymerization
mechanisms 27):

- Emulsion polymerization

- Miniemulsion polymerization

- Dispersion polymerization

- Suspension polymerization and,

- Precipitation polymerization

The nucleation and polymerization mechanisms described in text books often correspond to
ideal polymerization situations. Experimental conditions such as reactor setup, initiator,
monomers, additives, etc. are finely chosen in order to promote one mechanism over another.
In particular, the solubility of both the monomer and the initiator in the solvent plays an
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important role on the nucleation and polymerization mechanisms and final size of the latex
particles. The typical range of latex diameter obtained for each polymerization processes is
detailed in Table 9. The main polymerization processes for the synthesis of graphene/latex
nanocomposites are emulsion, miniemulsion and dispersion polymerizations. These three
techniques will be described briefly in the following part. Emulsion and miniemulsion
polymerization will induce the creation of polymer particles with a diameter between 50 and
500 nm, whereas dispersion polymerization allow the formation of particles with a diameter
between 0.5 and 20 pm.

Table 9. Various synthesis ways and characteristics of the main polymerization processes used to form
polymer latex particles

Polymerization . Latex particle
Initiator Monomer ]
process diameter
Emulsion hydrosoluble Hydrophobic 50 to 600 nm
Miniemulsion hydrosoluble Hydrophobic 50 to 500 nm
Dispersion Soluble in the Soluble in the 0.5 to 20 pm
continuous phase continuous phase
Suspension Oil-soluble Hydrophobic 50 to 10,000 pm
Precipitation hydrosoluble hydrosoluble Variable

In emulsion polymerization, surfactant, monomer and initiator are initially present in a
heterogeneous aqueous medium where the monomers are non-water soluble. A water-soluble
initiator is usually used to initiate the polymerization. In emulsion polymerization, surfactants
are usually added in a concentration above the CMC, so that micelles are formed and serve as
the polymerization loci. The monomer, which is partially hydrophobic, is partitioned in big
reservoirs (droplets), inside the micelles and a small amount is present in the aqueous phase
(left end side of Figure 21).
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Figure 21. Schematic representation of the different stages of emulsion polymerization.
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The water-soluble initiator can be decomposed thermally, photochemically or by the addition
of an activator (redox) to form radicals in the aqueous phase. These radicals react with the
monomer present in the water phase to form oligoradicals. These oligoradicals continue to
grow by adding monomer units, until they reach a critical length for which they are no longer
soluble in water, causing their migration to micelles or their precipitation depending on the
nucleation mechanism. The polymerization continues inside the micelles, now called
particles, swollen by monomer via diffusion of the monomer molecules from the droplets to
the particle core. During polymerization, particles grow by gradual entry and consumption of
monomer. Polymerization ends when the monomer is fully consumed. The size of the
particles obtained ranges from 100 and 600 nm.

In miniemulsion polymerization, submicronic (50-500 nm) monomer droplets are obtained by
using high-shear devices such as ultrasounds or high pressure homogenizers 17,
Miniemulsion droplets are stabilized against coalescence by using an appropriate surfactant,
while monomer diffusion (i.e., Ostwald ripening) can be in principle retarded using highly
water-insoluble compounds (so-called hydrophobes) ™", The nanodroplets will become the
prevalent locus of nucleation 8 and each monomer droplets is converted into a polymer
particle of identical chemical composition. Miniemulsion polymerization presents several
advantages over emulsion polymerization: (i) there is no complex nucleation steps as in
emulsion polymerization, (ii) the system exhibits only two phases throughout the
polymerization reaction (the aqueous phase and the monomer/polymer particles), (iii) either
an oil-soluble or a water-soluble initiator can be used and (iv) the final latex is theoretically a
1:1 copy of the initial droplets, allowing a direct control over the number of particles,
although this is not always achieved in practice. Figure 22 details the miniemulsion
polymerization mechanism.

e Ak 3
a5 g

M: Monomer %’ Stabilized monomer
R-: Initiator <5+ droplet

Figure 22. Initial and final state of the polymerization system in miniemulsion.

For the synthesis of bigger polymer particles, dispersion polymerization can be used.
Dispersion polymerization in polar media can lead to the formation of polymer particles with
a mean diameter comprised between 200 nm and 10 pum and a narrow particle size
distribution ”°!. In dispersion polymerization, the monomer and the initiator are both soluble
in the polymerization medium; which is a poor solvent for the resulting polymer.
Accordingly, the reaction mixture is homogeneous at the onset, and the polymerization is
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initiated in homogeneous solution. Depending on the solvency of the medium for the resulting
macroradicals and macromolecules, phase separation occurs at early or later stage. This leads
to nucleation and the formation of primary particles. These primary particles may further
coalesce until they have adsorbed enough stabilizers from the medium onto their surface to
become sterically stabilized.

These three polymerization mechanisms will be detailed more precisely in Chapter 3 and 4. In
the literature, polymer particles formed by emulsion or dispersion polymerization are mostly
used for physical blending with multilayered graphene particles, whereas, in situ emulsion or
miniemulsion polymerizations for graphene-based composites have been mostly developed
with GO. As GO is partially hydrophobic, it can easily stabilize miniemulsion droplets or
latex particles by adsorbing at their surface ®%. Typically using this technique, the monomer
is polymerized in the presence of GO platelets which take the place of the surfactant.
Consequently, these syntheses were described as “Pickering” emulsion or “Pickering”
miniemulsion polymerizations in reference to the stabilization of emulsions by inorganic
particles first discovered by Ramden and Pickering in the 1900’s [181]

Polymer latexes are essential components in a wide range of commercial products and
formulation such as paints, cosmetics, inks and biotechnology. They can be used as is (i.e. in
wet form), or in the dry form after coagulation.

Polymer latexes can also be processed into a continuous film possessing good mechanical
strength through simple water evaporation. Film-forming is described by three main steps !
(Figure 23): water evaporation, particle compaction and polymer chain interdiffusion ¢,
First, the concentration step is characterized by evaporation of water and the latex particles
concentrate to form a compact arrangement of spheres. At the end of this step, the solid
content in the suspension is around 74% for monodisperse spheres. The evaporation rate is
quasi constant but depends of many factors, such humidity, temperature or the surface of
evaporation. In a second step, particles are compacted to form a dense network (compactness
equal to 1) when residual water evaporates. This is the slowest process, deformation and
evaporation, which controls this step ™. The last step is characterized by polymer chains
interdiffusion. The polymer chains diffuse between inter-particles spaces. This step leads to a
decrease of film permeability and increases the mechanical properties.
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Figure 23. Different steps of the film-forming process: concentration, compaction and interdiffusion.
The use of polymer latex particles leads to a structured dispersion of the graphene platelets

during the film-forming step. A short review of graphene/latex nanocomposites synthesis
through physical blending or in situ polymerization is presented in the next part.
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4. Nanocomposites via latex blending

The production of conductive nanocomposites through physical blending of a polymer latex
with conductive particles such as CNTs 1! or GO particles !4 has been already reported by
several authors.

Latex particles for physical blending can be made through different polymerization processes,
in order to obtain various polymer beads diameters. In the following, we used Dgraphene/ Diatex tO
define the size ratio between the FLG lateral size, Dgrpnene, and the latex beads diameter,
Diatex- Figure 24 illustrates the influence of this parameter on the morphology of FLG/latex
suspension and the microstructure of the corresponding nanocomposite after film formation.
Intuitively, it can be anticipated that the final film properties will strongly depend on this
microstructure and so on the relative dimensions of graphene and latex particles.

D, raphene/ Diatex >1 Dgraphene! Diatex <1 D, raphene/ Diatex
>>1 (. -1 I << 1
o 9 \N 7\ N\
0) ® \‘ 4 r‘\_‘,/ |‘_‘/
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After l water evaporation

mmmmm Multilayered Graphene platelets ‘ Latex particle

Figure 24. Evolution of the factor Dgraphene/ Diatex depending on the NMG and latex particles sizes and
the impact on the final microstructure of the film.

The Dgraphene/ Diatex ratio should impact the final nanocomposite microstructure and thus the
electrical properties. A neat cellular microstructure should be favored for Dgraphene/Diatex<1 and
even more for Dgraphene/Diatex<<1 While @ Dgraphene/Diatex ratio higher than on should not give
rise to conductive properties.

a. Dgraphene/Dlatex >1

For Dgraphene/Diatex >1, the graphene platelets are larger than the latex nanospheres. This
configuration does not favor the formation of a cellular microstructure. Many authors
described physical blendings of large GO or rGO platelets and small latex particles. The
physical blending is mainly performed in the presence of GO (with subsequent reduction into
rGO after blending). Wu et al. ™ reported the elaboration of rGO-latex composites by
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coagulation of polystyrene latex particles (150-220 nm) and GO (1-2 um in lateral size). The
reduction of GO was operated after filtration (Figure 25a) by immersion of the solid into
hydrogen iodine (HI) solution at 90°C for 24h. The final composite, obtained after hot
pressing at 200°C exhibits high electrical conductivities, 1083 S m™. Scanning Electron
Microscopy (SEM) images showed that the rGO was located around the latex beads (Figure
25Db).

GS/PS :
n ’

Figuré 25. a- Preparation of PS/rGO nanocomposites by physical blending and b- SEM observation
at 0.9 vol% of GO [174

To favor the interaction between GO and the polymer particles, Pham and coworkers ¥
prepared PMMA/rGO nanocomposites through electrostatic interaction between negatively
charged GO and positively charged PMMA latex particles (using a cationic initiator during
polymerization) synthetized by surfactant-free emulsion polymerization. GO is negatively
charged in alkaline solution, due to the ionization of the phenolic hydroxyl and carboxylic
acid groups . Figure 26 illustrates the physical appearance of the suspension immediately
after mixing and after the reduction with hydrazine.

PMMA latex Graphene oxide (GO) PMMA -GO PMMA-RGO

Graphene oxide (GO) PMMA -GO PMMA -RGO

Figure 26. Schematic illustration of self-assembly of PMMA latex particles and GO, followed by
hydrazine reduction of GO %
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After addition of the hydrazine solution, sedimentation was observed. To measure the
electrical properties, the blend was filtrated and compression molded at 210°C. SEM images
showed the presence of rGO around the latex beads (Figure 27).

Figure 27. SEM image of PMMA-rGO nanocomposite blends obtained via electrostatic self-assembly
at 4.0 wt.% rGO loading ™%

The nanocomposites obtained after compression molding exhibited a percolation threshold of
0.1 vol%, and a maximum electrical conductivity of 64 S m™ for 2.7 vol% of rGO.

The interactions between graphene platelets and polymer particles can also be favored by
using a polymer with aromatic rings. As a consequence, n-m stacking interactions can be
created between the multilayered graphene and the polymer particles. Li et al. described the
formation of rGO/poly(styrene) nanocomposites "°Y. The suspension obtained after GO
reduction, with hydrazine monohydrate, was hot compressed resulting in a percolation
threshold of 2 %wt and a maximum electrical conductivity of 2.5 S m™ for 8wt% of rGO.

These nanocomposites are not stable in suspension after GO reduction. To prevent this
destabilization, Arzac et al. proposed a physical blending of PMMA-co-BA polymer particles
and rGO platelets stabilized by a polymeric stabilizer (Poly (vinyl pyrolidone), PVP) 120,
This copolymer can film-form at room temperature and the composite latex remained stable
after physical blending.

The process and interactions between multilayered graphene and latex have a strong influence
on the resulting nanocomposite electrical properties. Table 10 summarizes the percolation
threshold and maximum conductivity for some selected examples.

As seen in Table 10, hot-pressing induces higher electrical conductivities than film-forming at
room temperature. Moreover, the highest electrical conductivity is obtained for the
nanocomposite that combine both electrostatic and n-n staking interactions between GO and
the polymer particles and a hot-compression in the film-forming process.

29



Chapter 1- State of the art

111- Latex routes to elaborate graphene/plymer nanocomposites

Table 10. Electrical properties of graphene/latex nanocomposite obtained by physical blending

Latex Filler Composite
Type of Percolation
Polymerization | graphene . threshold and  Nanocompos-
Latex type process used for Reigectlon DgDraphe”e/ maximum ite forming
blending P latex conductivity process
step (Sm™)
P(MMA- . .
co-BA) : Carbon 4 vol% / Film-forming
X Emulsion - 5 at room
(various black 10 at 13 vol%
ratios)[157] temperature
P(MMA- Unknown/ Film-forming
co-BA) Emulsion rGO - 3.3 0.2at0.9 at room
(50/50)12%) vol% temperature
Compression
PMMA . . 0.1 vol%/ .
[190] Emulsion GO Hydrazine 50 64 at 2.7 vol% moldn;lg at
210°C
. . 2 wt%/ Dried and hot
[191]
PS Emulsion GO Hydrazine 10 25 at 8 Wi% compressed
Hydrogen 0.15 vol%/ .
PS N Emulsion GO lonide | 10-15  1083at4g  lotpressing
at 200°C
(H vol%

b- Dgraphene/Dlatex <1

Dgraphene/ Diatex <1 means that the diameter of the latex particle is larger than the lateral size of
the graphene platelet. With NMG particles (of lateral size around 100 nm), polymer particle
with a mean diameter larger than 1um must be formed. Dispersion polymerization is an
attractive process for the synthesis of micron-size monodisperse polymer particles in a single
batch process.

Zhao et al. and Long et al. described the physical blending of PVP-stabilized polystyrene
microspheres, synthetized by dispersion polymerization in ethanol and GO suspensions. GO
reduction was realized after blending using hydrazine ™% or vitamin C solutions "%,
respectively. The electrical properties of the nanocomposites were measured after
compression. In both cases, low percolation thresholds were obtained (0.08-0.09 vol% of
rGO). A maximum conductivity of 20 S m™ was obtained for 1.2 vol% %% and 4 vol% of
rGO respectively 11,

To increase the electrically conductive properties of the composites and prevent graphene
from aggregation, the distribution and uniformity of the graphene fillers inside the polymer
was improved using a layer-by-layer (LBL) assembly approach M4 Polystyrene particles
stabilized by PVP and SDS with a mean diameter around 2 pum were first synthetized. In
parallel, a suspension of negatively charged GO and a suspension of positively charged GO
(by grafting of polyethylenimine (PEI) on GO particles) were prepared. A first layer of PEI
was coated on the PS microsphere to provide an uniformly and positively charged surface.
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Then, negatively charged GO and positively charged GO-grafted-PEI suspensions were
alternatively deposited on the PS microspheres through electrostatic interactions. The overall
process and a SEM picture of the final nanocomposite particles obtained are reported on

Figure 28.
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Figure 28. Schematic illustration of the deposition of oppositely charged GO onto PS microspheres
via LBL assembly and SEM picture after three bilayers deposition !

The resulting nanocomposites were hot pressed and exhibited a percolation threshold near 0.9
vol% and a maximum conductivity of 0.05 S m™ for 1.3 vol% of rGO: no noticeable
enhancement compared to physical blending.

To improve the maximum electrical conductivity and lower the percolation threshold, Yang et
al. proposed a strategy **® to fabricate highly ordered 3D graphene-based composites. This
process counts two steps: polymer microspheres are first wrapped with flexible GO particles
by a thermodynamic driving heterocoagulation method and then GO is reduced using HI.
These particles wrapped in graphene were then used as building blocks to construct a 3D
multilayered graphene network by compression molding with additional thermal treatment.
This method allowed to achieve a percolation threshold of 0.15 vol% of rGO and a maximum
electrical conductivity of 500 S m™ for 3.5 vol% of rGO which is higher than the values
obtained in the previous strategies.

The percolation threshold and maximum conductivities obtained under Dgraphene/Diatex
<lconditions are gathered in Table 11.

Note that in most cases, compression is needed to form the final nanocomposite material prior
to electrical measurements. Moreover, none of the nanocomposite suspensions were stable
after the reduction of GO.
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Table 11. Electrical properties of nanocomposite graphene/latex prepared by physical blending with

Dgraphene/ Dlatex SI

Latex Filler Composite
Type of Percolation
Rolymerlza- graphene Reduction | Dyagnene/ threshpld and N_anocom_pos-
Latex type  tion process maximum ite forming
used for step Diatex quctivit
blending step con uc_{w y process
(Sm7)
0.15 vol%/ Mold pressin
pg 195] Dispersion GO HI 045 500 for 3.5 pressing
at 130°C
vol%
. . 0.09 vol%/ Frozen dried
F;f];‘r’ogg)“{l%%’ Dispersion GO I—L%?L?iz(;ge 1 25.2 for 1.2 and
9 vol% compressed
- N 0.08 vol%/ .
PS stabilized . . Vitamin ) Hot pressing at
by PVPL?! Dispersion GO C 0.07-0.7 20.5 for 4 200°C
vol%
PS stabilized : 0.9 vol%/ :
by PVP and  Dispersion GO ar;cIiEIGO- Hy?r?_zme 0.2 0.05 for 1.3 Hot ggi‘)s?éng at
SDS[194] g- solution vol%

To conclude, physical blending allows the elaboration of graphene/latex nanocomposite
materials with high conductivity and low percolation threshold. The latex beads promote the
dispersion of the filler in the polymer matrix. Nanocomposites with 10w Dgraphene/Diatex ratios
exhibit lower percolation thresholds than nanocomposites issued from blends with high
Dgraphene/ Diatex ratios.

Cc. Conclusions

Nanocomposites obtained by physical blending can be divided into two categories, depending
on the respective graphene and latex dimensions. In all these cases, the graphene sheets
exhibits a mean lateral size around 1 um. For polymer particles synthesized by emulsion
polymerization, the polymer particles exhibit a mean diameter between 50 to 500 nm leading
t0 Dgraphene/ Diatex larger thanl. For polymer particles synthesized by dispersion polymerization,
a mean diameter around 1 pm is obtained and consequently the Dgraphene/Diatex i Smaller than
one. Dgraphene/Diatex Was shown to strongly influence the percolation threshold and maximum
conductivity. In fact, an increase of this ratio induces a decrease of the percolation threshold
and an increase of the maximum conductivity. Thus a favorable condition to produce efficient
conductive composite is to use polymer particles with diameters larger than the lateral size of
the conductive filler. In addition, hot-pressed nanocomposites exhibit higher conductivities
than nanocomposites film-formed at room temperature.

5. Nanocomposites via in situ latex synthesis in the presence of GO or
rGO particles

In situ polymerization in the presence of multilayered graphene is an approach which involves
the polymerization of monomers in the presence of GO or graphene-based materials ™. This
process can provide an enhancement of the graphitic filler dispersion within the polymer
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matrix through the creation of both non-covalent (n-m staking) and covalent bonding
(functionalization) interactions between graphene and the polymer. The presence of fillers
during the polymerization can also modify the polymerization mechanism. Many authors
studied in situ polymerization in the presence of multilayered graphene via different
polymerization processes. Emulsion and miniemulsion polymerizations are the mostly used
polymerization processes found in the literature for the synthesis of these nanocomposites.
Other processes, such as precipitation or suspension polymerization are more confidential. For
instance, Dao et al. reported in situ suspension polymerization of methyl methacrylate
(MMA) in the presence of sulfonate-functionalized graphene suspensions (obtained by
reacting GO particles with potassium 2-aminoethanesulfaonate) ¥, The graphene/sulfonate
particles had a lateral size of 8.7 um and the polymer particles obtained had a mean diameter
between 50 and 200 pm, leading to a Dgraphene/Diatex ratio of 0.04-0.17. The electrical
properties of the nanocomposite were measured after compression molding and a percolation
threshold of 0.02 vol% was obtained. The maximum electrical conductivity was 15.7 S m™ for
2.8 vol% of graphene/sulfonate. Thomassin et al. described the synthesis of rGO/PMMA
nanocomposites via in situ precipitation polymerization of MMA in the presence of GO
particles in a water/methanol mixture ™. GO (with a lateral size of 100 nm) was acting as a
surfactant and adsorbed on the interface between the PMMA particles and the solvent. The
resulting products were thermally or chemically reduced and molded to obtain rGO/PMMA
nanocomposites. The Dgraphene/Diatex ratio was between 0.1 and 0.5 resulting in a percolation
threshold of 0.2 wt% and a maximum electrical conductivity of 10% S m™ for 0.4 wt% of
rGoO.

The following part will detail only graphene/latex nanocomposites synthetized by in situ
emulsion and miniemulsion polymerizations with a focus on the electrical properties of the
resulting materials.

a. Emulsion polymerization

As described in section I11.3, emulsion polymerization is a polymerization process which
allows the formation of polymer particles with a mean diameter between 50 and 500 nm.
Many authors described in situ emulsion polymerization in the presence of GO particles,
where GO act as a sole surfactant due to its amphiphilic properties. These polymerizations are
considered by the authors as “Pickering” emulsions.

Yin and coworkers reported the synthesis of GO/polystyrene nanocomposites with a final
polymer particle diameter of 500 nm ™. In this procedure, a mixture of GO suspension (0.25
mg mL™), initiator and monomer was polymerized 10 hours at 65°C. Figure 29 shows a SEM
micrograph of the nanocomposite particles obtained. One platelet of GO can cover several
polymer particles due to its large lateral size (Dgraphene/Diatex €qual to 1.6-2.5).
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Figure 29. a- Digital photograph of a GO/PS suspension and b- SEM image of GO-coated PS
nanospheres.

In reality GO is rarely used as the sole surfactant and surfactant is frequently added which
leads to the formation of smaller polymer particles.

Ping et al. were the first to report in situ emulsion polymerization with GO suspension to
obtain a nanocomposite with measureable electrical properties %!, A mixture of monomer
(MMA) and various amounts of GO were polymerized using potassium persulfate as an
initiator and OP-10 as a nonionic surfactant. The high concentration of surfactant (30 g L™)
led to the formation of small polymer particles, with a mean diameter of 100 nm. Reduction
of GO platelets was performed after polymerization and the resulting nanocomposite was
washed and dried at 50°C before electrical measurements. The polymer particles were smaller
than the rGO platelets (Dgraphene/Diatex=10) leading to a percolation threshold of 2 wt% and to
maximum electrical conductivity of 10° S m™ for 8 wt% of rGO.

Using the same polymerization process, Kuila et al. synthetized PMMA/rGO nanocomposites
by emulsion polymerization of MMA in the presence of GO and 0.2 g L™ of SDS, as a
surfactant %Y. After polymerization, GO was reduced with hydrazine, dried and dissolved in
chloroform for film casting by vacuum drying at 60°C. PMMA and rGO diameters are not
specified in this article. An electrical conductivity of 1.5 S m™ for 3 vol% of rGO was
obtained. This higher conductivity, in comparison to the previous article, might be due to the
nature and concentration of the surfactant which is lower. A lower surfactant concentration
can lead to the formation of bigger polymer particles.

For these two syntheses, the nanocomposite suspensions were not stable after GO reduction.
To avoid this destabilization, Arzac et al. proposed in situ emulsion polymerization directly in
the presence of rGO particles ™?”. Reduced graphene oxide was stabilized in water by PVP to
increase the concentration of rGO up to 5 g L™. The authors compared the stability of the
nanocomposite suspensions obtained by in situ polymerization with that of the
nanocomposites formed by physical blending. The improved stability, found for in situ
polymerization, was attributed to in situ grafting of the polymeric chains on the rGO surface.
But no conductivity could be measured for these nanocomposites due to the low rGO
concentration (1wt% of rGO). SEM images of the resulting materials are presented in Figure
30. One rGO sheet can cover many polymer particles and numerous percolating paths are
visible on Figure 31.b despite the fact that there was no measurable electrical conductivities.
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2.00um

Figure 30. SEM images of P(MMA-co-BA)/rGO suspensions a-before film casting and b- after film
casting (cross section) 2%

b. Miniemulsion polymerization

Few articles on graphene-based nanocomposite latexes through in situ miniemulsion
polymerization are available in the literature. As said before, nanocomposite suspensions
synthesized in the presence of GO are destabilized after GO reduction. To increase the
stability of rGO/latex suspensions, surfactants are used during polymerization. But it induces
a decrease of the final latex beads diameter which hinders the formation of the armored
morphology. In situ miniemulsion polymerization, due to its different nucleation mechanism,
will allow a better stability of the nanocomposite suspensions without adding a surfactant.

Recently, Yang et al. reported the synthesis of polystyrene colloidal particles using GO as
stabilizer through miniemulsion polymerization 2. In this Pickering polymerization
procedure, the stabilized emulsion droplets act as reservoir in which the polymerization takes
place. At the end of the polymerization, the composite polymer particles have a similar size
than the initial droplets. Gudarzi et al. described a nice approach (though inadequately named
“emulsion polymerization”) for efficient synthesis of PMMA/GO nanocomposites 2031 "In this
procedure, the mixture of monomer, GO suspension and initiator is emulsified using
ultrasounds to help dispersion and promote GO exfoliation. Polymerization begins meanwhile
and is maintained several hours. It was found that a concentration of 4wt% of GO is needed
to stabilize the polymer particles. Below this concentration, GO platelets concentration is not
sufficient to stabilize the polymer suspension and sedimentation occurs (Figure 31). The final
armored polymer particles have a mean diameter of 300 nm.
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GO > 4wt%

Sonication

GO < 4wt%

Figure 31. In situ “emulsion” polymerization the in presence of GO to form GO/PMMA
nanocomposites at different concentrations of GO 2%,

To create larger polymer particles and hence, decrease the D graphene/Diatex ratio, Che man et al.
studied the influence of many polymerization parameters on the mean polymer particle
diameter. They synthetized GO/polystyrene nanocomposites by in situ miniemulsion
polymerization without adding surfactant ?*. A mixture of monomer, GO suspension,
initiator (AIBN) and hexadecane (as the hydrophobe) were sonicated 10 minutes before
polymerization. The final polymer particles had a mean diameter of 400 nm. Large
polystyrene beads recovered by graphene sheets were obtained (Figure 32). The authors also
studied the influence of the monomer polarity on the miniemulsion stability. The less polar
monomers allowed the formation of more stable miniemulsion suspensions !, The
amphiphilicity of GO can also be tuned by adjusting the pH or the ionic strength of the
aqueous solution and led to the formation of larger polymer particles, which can reach a
diameter of 3 pm depending of the polymerization conditions %!,

Figure 32. SEM image of PS/GO composite obtained by Che Man et al. ®* Scale bar: 2pum.

To increase the stability of GO during the polymerization and the stability of the
nanocomposites at the end of the polymerization in case of GO reduction, a surfactant can be
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added (as for in situ emulsion polymerization). Etmimi et al. reported the synthesis of
GO/poly (Sty-co-BA) nanocomposites by in situ miniemulsion ?°"). The monomer mixture,
the GO suspension, the initiator (AIBN), hexadecane and a surfactant (SDBS, 2 g L™) were
mixed and sonicated for 10 min. At the end of the polymerization, the final conversion was
90% and the polymer particles had a mean diameter of 150 nm. The Dgraphene/Diatex ratio was
equal to 7.1. A maximum conductivity of 2.5 10* S m™ was obtained for 6wt% of rGO
content.

Addition of surfactant in the polymerization reaction, despite the presence of GO to stabilize
the suspension; will influence the final polymer particle diameter. Lee et al. synthetized
graphite/PS nanocomposite by in situ miniemulsion polymerization in the presence of a
suspension of large graphite platelets (5 um of lateral size) stabilized by a surfactant (SDS at
2.5 g L™ 2 Miniemulsion polymerization was performed after sonication of mixture of
styrene, initiator (AIBN), Graphite and surfactant. The Dgraphene/Diatex ratio was equal to 100.
Small polymer particles (100 nm) dispersed on the graphite sheets were obtained (Figure 33).

DR T 1500 nim

Figure 33. SEM micrograph of the PS/graphite nanocomposite produced by in situ miniemulsion
polymerization in the presence of large graphite flakes %,

Despite the high concentration of graphite (10wt %), low electrical conductivity was obtained
(8 10° S m™) in this case.

To increase the electrical performance of such nanocomposites, Tan et al. described the
synthesis of conductive poly(sty-co-MMA)/rGO nanocomposites through the principle of
double percolation %, First, poly(sty-co-MMA)/GO nanocomposites are formed by in situ
miniemulsion polymerization. The miniemulsion polymerization was carried out in the
presence of y-methacryloxy-propyl trimethoxysilane (MPS)-modified GO sheets using AIBN
as initiator, OP-10 and SDBS as surfactants and DVB as crosslinker (Figure 34). The
Dyraphene/Diatex ratio obtained was equal to 18. TEM micrograph of the nanocomposite is
presented on Figure 35.
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Figure 34. a- Scheme of in situ miniemulsion polymerization of Sty/MMA in the presence of
MPS-modified GO and DVB as crosslinker and b- the TEM image of the resulting
nanocomposite particles %!

The nanocomposite particles were then washed, dried and redispersed in DMF to be mixed
with a solution of polystyrene, poly(methyl methacrylate) and hydrazine (for GO reduction).
Based on the double percolation principle, the fillers were reported to selectively distribute in
one phase or concentrate at the interface of a continuous immiscible polymer blend due to the
difference of affinity of the filler for each polymer. This procedure induced an interfacial
distribution of the nanosheets in conductive polymer composites based on immiscible blends.

The electrical properties were measured after GO reduction and a low percolation threshold of
0.02 vol% of rGO was obtained. Furthermore, a maximum conductivity of 10° S m™ was
reached at 0.6 vol% of rGO.

c. Conclusion

To conclude, there are only few examples of GO or rGO/latex-based nanocomposites with
enhanced electrical properties reported in the literature. Table 12 summarizes the
nanocomposites synthesized by in situ polymerization in the presence of GO, rGO or graphite
and their electrical properties.

GO is an interesting filler for in situ emulsion or miniemulsion polymerization due to its
amphiphilic properties. But after its chemical reduction, rGO/latex nanocomposites do not
remain stable in the suspension. Similarly to physical blends, lower conductivities are
obtained for film-forming in comparison with compression-molding and higher conductivities
are reached for Dgrphene/Diaex lOwer than 1, which favors the formation of armored
nanocomposites.
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Table 12. Nanocomposites made by in situ emulsion or miniemulsion polymerizations and their electrical properties.

Latex Filler Composite
N Type of Percolation threshold and .
L atex tvpe Polymerization process | graphene used Reduction ste D D maximum conductivit Nanocomposite
yp for blending P graphene! ™ latex g} y forming process
(Sm7)
step
2oy Hydrazine / Dissolved in
1 H _ - . _
PMMA Emulsion GO solution 15 at 3vol% chloroform and film
casted
pg 119 Emulsion GO - 1.6-2.5 - -
P(MMA-co-BA) . i ) Film-forming at room
(50/50) 121 Emulsion "GO 33 temperature
PMMA . Hydrazine 2 wt%/ . R
[200] Emulsion GO solution 10 107 at 8 Wi% Dried at 50°C
PMMA %] Miniemulsion GO - 10 - -
pg 1204 Miniemulsion GO - 0.05-0.2 - -
P(Sty-co-BA) . . Hydrazine ) Film-forming at room
(50/50) 27 Miniemulsion GO solution 71 temperature
ps [208] Miniemulsion Graphite - 100 - 18 10 at 10%wt Film-forming
-CO- i 0
P(MM[ZASQ]CO Sty) Miniemulsion GO F;)(/)(:L?izolge 18 102'2?8’2'\{?)/'% Film-forming at 50°C
Sulfonate- .
PMMA 7 Suspension modified - 0.04-0.17  0.02 vol% / 15.7 for 2.8 vol% Con?pressmy
molding 135°C
graphene
0 i
PMMA %] Precipitation GO 0.1-0.5 0.2 Wt / Compression

102 S m™ over 0.4 wt%
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Conclusions

To produce conductive nanocomposite, the latex route will be preferred among other
approaches. Indeed, the presence of latex particles induces a specific filler dispersion through
the concept of segregated networks and therefore lowers the percolation threshold. Two main
ways of latex/graphene nanocomposites have been described in this chapter: physical
blending and in situ polymerization in the presence of multilayered graphene.

Suspensions of carbon-based particles are an adequate choice due to their low cost compared
to metallic fillers. In particular, Few Layered Graphene (FLG) as conductive filler is an
interesting choice due to its shape, aspect ratio and excellent electrical properties without
sintering. This filler combined with a polymer matrix can lead to the creation of conductive
inks with low filler content. The production of FLG through different strategies and processes
was detailed in this chapter. In particular, mechanical delamination of graphite in water seems
appropriate in that a FLG suspension is obtained in output, which is adequate for further use
with latex-based products. In addition, this method is quite straight forward and appears
adequate for industrial scale-up. Chapter 2 details the impact of the stabilizer on the NMG
size dimensions while produced through mechanical delamination in water.

In the following, the experimental study of NMG/latex conductive nanocomposites produced
through two processes is presented. First, Chapter 3 presents the physical blending approach
focusing on the impact of Dgraphene/Diatex parameter on the electrical and thermo-mechanical
properties of the final nanocomposite. Then, in Chapter 4, in situ polymerization in the
presence of NMG suspensions will be studied using three different polymerization processes:
emulsion, miniemulsion and dispersion polymerizations. The electrical properties of the
nanocomposites formed will be measured and compared to those of the nanocomposites
obtained through physical blending.
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Chapter 2 — NMG: Preparation and characterization I. Experimental procedure: wet grinding

Introduction

The interest for conductive nanoparticles, and more specifically for carbon nanotubes and
graphene, has grown since the past ten years. These conductive fillers present many benefits
in polymer-based nanocomposites for various applications, like printed electronics.

In this work, the challenge relies on the production of adequate conductive fillers with
specific dimensional characteristics that do not destabilize the latex during physical blending
or in situ polymerization in order to obtain conductive inks.

In the literature the most popular route to synthesize NMG is based on the so-called
Hummer’s method . Despite its popularity, this method presents noticeable disadvantages as
it relies on a long and multistep synthesis using many chemical products. In Hummer’s
method, Graphene Oxide (GO) is produced from graphite flakes and reduced into reduced
graphene oxide (rGO). After this reduction step, some functional groups containing oxygen
remain on the rGO surface (. These groups may affect both the interactions with the latex
particles and the final electrical properties of the composite. As an alternative, Knieke et al.
proposed a production of Nanosize Multilayered Graphene (NMG) based on the mechanical
delamination of graphite flakes in wet grinding media *!. This mechanical method is cost-
effective and avoids organic solvents. The delamination process requires the use of a large
amount of graphite flakes, but these are cheap and reusable raw materials. In our work, this
procedure has been chosen and the NMG water suspensions were conveniently used as-is in
the subsequent processing steps of the nanocomposite material. This process allows the
creation of NMG suspensions stabilized by surfactants or steric stabilizers.

First, the experimental procedure and the main process parameters will be studied. Then,
various surfactants and polymeric stabilizers will be used to exfoliate NMG and stabilize the
platelets. The influence of the surfactant or polymeric stabilizer on the NMG dimensions and
concentration in water will be investigated in each case.

I. Experimental procedures: wet-grinding of graphite suspensions

In this PhD work, the production of Nanosize Multilayered Graphene (NMG) through
mechanical delamination has been preferred to the other techniques due to promising outputs
in terms of scalability and NMG quality.

The experimental conditions used in this work derive mainly from a very detailed work
performed by Knieke et al. ! that proposes the production of multilayered graphene via wet-
grinding of graphite in water stabilized by a surfactant (Sodium Dodecyl Sulfate, SDS).
Surfactants are amphiphilic molecules: the hydrophilic part has some affinity with water
whereas the hydrophobic part avoids water by adsorbing on the micrographite surface (and
NMG formed). This phenomenon is at the origin of the stabilization of the carbon particles in
water suspension. The surfactant concentration is above the critical micelle concentration
(CMC) in order to have spare surfactant molecules to stabilize the additional graphitic surface
created during the ball milling process.
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Chapter 2 — NMG: Preparation and characterization I. Experimental procedure: wet grinding

This ball milling procedure allows a sharp decrease of the micrographite lateral size and an
exfoliation of each micrographite sheet. The final dimensions of the graphene obtained
strongly depend on the diameter of the grinding beads used. In their work, Knieke et al. used
zirconia grinding beads with a mean diameter of 50 or 100 pum. The authors showed that
increasing the grinding beads diameter induced a decrease of the mean lateral size of the
graphene platelets but also increased the mean thickness of the delaminated sheets.

As our aim is to produce NMG with a lateral dimension between 100 nm to 300 nm and a
minimum thickness, we have selected larger milling beads (400 um or 800 pum). Basically, in
our process, a mixture of micrographite and surfactant (or polymeric stabilizer) is dispersed in
a water media (Figure 1). Polymeric stabilizers can create physical or chemical interactions
with NMG and have therefore also been used to stabilize the micrographite particles during
the delamination process. After stirring, the suspension is injected in a horizontal ball milling
and grinded by zirconia yttrium beads of 400 um or 800 um diameter. At the end of the
milling procedure, the suspension is decanted or centrifuged to remove the sediment, which
contains the residual micrographite. In an industrial context, this micrographite could be
reusable for another milling batch, however in this work; no graphite recycling was done for
reproducibility sake. The supernatant containing the NMG and the surfactant (or stabilizer) is
extracted and is used for physical blending with latex particles or in situ polymerization in
order to form conductive nanocomposites.

Micro-
graphite

Water

Surfactant - ~ o —
illi atex blen
- Ball milling Decantation or SUDE’"Eta”t
polymeric centrlfugatmn Surfactant |m——) —
i t
stabilizer Grlndmg beads: 400 um to 800 um + water
polymerization

Sedlmentatlon

Micrographite

and unstabilized
NMG

A
28
/£

\

=

\

\ |

Figure 1. Scheme illustrating the wet ball-milling process and the repartition of the surfactant or
stabilizer at the micrographite (and NMG formed) surface

1. Description of the apparatus

Zirconia is a hard ceramic material commonly used for grinding with a typical diameter from
50 pm tol mm. Approximately 200 mL of monodisperse Zirconia grinding beads (400 pum or
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800 um) are placed in the rotating reactor. The high shear energy of the ceramic beads is
responsible for the exfoliation and break-up of the graphite flakes (Figure 2) [5].

Ball milling can generate two types of forces on layered materials, namely, shear force and
compression force. The shear force can cleave layered materials from external surfaces, while
the compression force peels off the thin nanosheets from the edges (Figure 2). During the
thinning process, the ball milling energy does not cause significant damage to the in-plane
structure of the nanosheets and generates only few defects and impurities .

In literature, sonication has also been demonstrated to be an efficient exfoliation procedure in
a water media. It is known that sonication produces a number of effects on exfoliated
nanosheets and layered materials (Figure 2): sonication-induced scission that can break larger
crystallites into smaller crystallites and chipping off of 2D nanosheets from outer surfaces of
layered materials . In our experimental setup, a sonicator is added on the milling loop
(Figure 3).

Effect of ball milling Effect of sonication
e I Scission
e ~
B ’ \
Shear Compression
Exfoliation

Figure 2. Effects of ball milling and sonication on graphite particles.

Experimental setup

Prior to the milling procedure, the graphite flakes (10%wt/water) and the surfactant (0.5 to
4%wt/water) were dispersed in water (400 mL) under stirring (with a roller stirrer) during 12
hours.

The grinding experiments were carried out in a horizontal laboratory stirred media mill
(Minizeta, Netzsch Feinmahltechnik GmbH, Selb, Germany) at 1500 rpm, using Yttrium-
stabilized zirconia oxide grinding beads (ZetaBeads Plus, 0.4 mm or 0.8 mm, Netzsch) as
grinding media. A sonicator was added in the attritor loop to improve graphite flakes
exfoliation and scission (Figure 3).
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Sonicator

Stirring

Engine

Bead mill

Figure 3. Picture and schematic representation of the horizontal laboratory stirred media mill used in
this study.

Subsequent decantation removed the unexfoliated graphite, and finally NMG dispersions were
obtained in aqueous suspensions.

2. Characterization of the graphite-NMG phase

The micrographite used for the wet grinding process exhibits a mean diameter of 7 to 10 pm.
Figure 4 represents a SEM image of micrographite, which is clearly composed of multiple
stacks of graphene sheets. Note that the graphene or FLG do not lie flat, but are curvy: it is
known that FLG is a flexible filler. After grinding, the supernatant, containing NMG platelets
and surfactant (or stabilizer), is isolated and characterized to measure the mean lateral size
and thickness of the NMG produced.

Figure 4. SEM image of micrographite before the ball milling process
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Characterization of NMG size

The lateral dimensions of the NMG platelets are measured by two complementary
characterization techniques, Dynamic Light Scattering (DLS) analysis and Atomic Force
Microscopy (AFM) analysis. DLS analysis is performed on concentrated suspensions and
provides an estimation of the mean diameter of the NMG platelets based on a model for
spherical particles. The principle of this technique is described in Appendix I. For AFM
analysis, the NMG suspension is spin-coated on silicon wafers and washed using deionized
water prior to characterization (JPK Nanowizard 3). The washing step is performed to
eliminate surfactant traces on the surface that might influence the AFM measurements. Using
the AFM results, the thickness and lateral size of the NMG platelets are assessed by
performing a statistical analysis on at least 150 NMG sheets from various areas of the silicon
wafer. The results are gathered in an AFM histogram, containing n classes of lateral sizes (d;),
which represents the lateral size of NMG platelets vs. frequency (F;) in percent.

Specific surface area

The NMG lateral size determined by AFM measurements is also used to calculate the specific
surface area. In fact, the Brunauer-Emmett-Teller (BET) analysis cannot give access to the
specific surface area of the NMG formed due to the presence of residual surfactant (or
stabilizer) trapped within the platelets. When a large part of the surfactant is removed, the
NMG platelets can be restacked and as a consequence the real specific surface area cannot be
measured. Consequently, the surface area is calculated theoretically using the results from
AFM histograms and Equation 1 to determine the total surface area Surface,; (NMG) that

takes into account the area of both the faces and edges of NMG platelets.
2

n ﬂd
Surface,, (NMG) = > (F; x 2' +F, xnd e) Equation 1

i=1

Where e is the average thickness of the NMG platelets. The specific area is given by dividing
this total surface by the total weight my, of these NMG (Equation 2, 3).

S, Surface,, (NMG) Equation 2
m'[OI
n 7Zd-2
My, = Volume,, x s = D, (F;x T‘) XX Pumc Equation 3
i=1

Where pnwic is the density of NMG platelets (pawic= 2.23 g cm’™).

Quantification of defects and oxygen-containing groups

ThermoGravimetric Analyses (TGA) gives the mass loss vs. temperature during thermal
decomposition under a controlled atmosphere. Typical TGA curves under air atmosphere
obtained for GO, rGO and Graphite or Graphene are illustrated in Figure 5. For a graphite
sample or graphene with a perfect carbon structure, the degradation of the carbon skeleton
occurs at around 800-1000°C 1. This decomposition temperature decreases with the presence
of structure defects in the carbon structure . Few examples of structure defects have been
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added on Figure 5, with the presence of pentene cycle or zigzag configurations instead of a
benzene cycle. For GO, this mass loss is visible around 500°C and a mass loss at lower
temperature (170-250°C)  is attributed to the pyrolysis of the labile oxygen-containing
groups in the forms of CO, CO, and steam "),

TGA of NMG suspensions after mechanical delamination can give insights of the amount of
remaining oxygen-containing groups (mass loss around 200°C) or structure defects (mass loss
around 500°C) in the NMG platelets during the delamination process. This information is
useful to optimize the experimental conditions in order to minimize the presence of defects or
oxygen-containing groups. Indeed, the presence of defects or oxygen-containing groups can
degrade NMG conductive performances.

O
Degradation of 1

weight bond 1 1
percentage (%) C-Cbon e

100 =

S
Oxygen-
contain}ng groups

Shif

Structure defects

N -
N l_\ /"~ Degradation of
© C-C bond

| | Temperature (°C)
0 500 1000

Perfect Graphene or

Graphite Graphene oxide

Figure 5. Schematic TGA curves for perfect graphene, graphene with structure defects and graphene
oxide components,® and schematic representation of structure defects in the graphene structure.
Reprinted from Collins et al. [0}

3. Description of the surfactant phase

a. Determination of surfactant concentration in the NMG suspension

After mechanical delamination and decantation of the suspensions, the supernatant is
collected. Few milliliters of this supernatant are dried at 100°C. The dry residue obtained
contains both NMG and surfactant. Elemental analysis (EA) and TGA are used to determine
the amount of surfactant present in the powder and then in the NMG/surfactant suspension.
Depending on the surfactant nature, the adequate methods are chosen to evaluate the
surfactant content.

Elemental analysis

Elemental analysis gives the content of each atom (carbon, hydrogen, oxygen...) in the dried
suspension. For example, for Sodium Dodecyl Benzene Sulfonate (SDBS), the surfactant
content %SDBSpowder Can be calculated from the sulfur content, %S, using Equation 4. Each
SDBS molecule counts one sulfur atom (Figure 6) and NMG counts no sulfur atom.
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%S x Mg,

%SDBS ,4er = o8 )1 Equation 4
Sulfur

sulfur

Where N<oo> represents the number of sulfur atoms per surfactant molecule (N &> =1) and

Msuirr= 32 g mol™ and Mgpgs= 348.4 g mol™ are the molar masses of sulfur and SDBS,
respectively.

0 E_—
“S,D Ma

W/@/ l‘b

Figure 6. Chemical representation of Sodium Dodecyl Benzene Sulfonate (SDBS)

TGA

In our work, TGA was used to determine the amount of surfactant contained in the NMG
suspension. Knowing that the NMG skeleton starts decomposing around 500°C, TGA curves
are only usable at lower temperatures. We define Weyrfactant(500°C) as the weight loss
measured on the TGA curve of pure surfactant at 500°C and Wymc(500°C) as the weight loss
on the TGA curve of the sample containing both NMG and surfactant at 500°C (Figure 7).
Wnme(500°C) can be attributed to the surfactant weight loss but also to the decomposition of
oxygen-containing groups of NMG. This latter can be neglected as very few oxygen-
containing groups are expected in NMG. %Surfactantyowder IS Obtained by dividing
WNMG(SOOOC) by Wsurfactant(SOOOC)-

As an example, for a NMG/SDBS suspension, the SDBS content in the
powder, %SDBSpowder, IS determined using Equation 5. The weight loss (%) for the
NMG/SDBS sample at 500°C, Wyme(500°C), is divided by the weight loss for the sample
containing only the surfactant, Wspgs(500°C).

_ Wae (500°C)

%SDBS =
P W (500°C)

Equation 5

The surfactant content in the powder will then be used to determine the concentration of
surfactant in the NMG suspension, [Surfactant] in g L™, given the solids content of the
NMG/surfactant suspension.
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Figure 7. Schematic representation of a TGA curve for the determination of the %Surfactantyoger

b. Surfactant adsorption mechanism

The surfactant distribution between the aqueous phase, the air-liquid interface and the NMG
platelets is measured using a Wilhelmy plate immersed in the liquid, which wet the plate
upwards (Figure 8). The surface tension acts along the perimeter of the plate and the liquid
pulls the plate.

The pulling force is measured and allows the determination of the surface tension, y (in mN

m™), using Equation 6.

P=L-y-cos@+C Equation 6

With P the pulling force, L the perimeter of the plate, 6 the contact angle between the plate
and the liquid and C a constant which takes into account the plate weight and buoyancy.

Force of counteraction 1

Surface tension ‘

Liquid'sample

Plate

6

Figure 8. Scheme of the surface tension measurement.

The presence of surfactant reduces the surface tension. In a system consisting of only
surfactant molecules in water, the Critical Micelle Concentration (CMC) is described by the
aggregation of surfactant into micelles and corresponds to the concentration for which there is
no more enrichment in surfactant at the water-air interface, i.e. the surface tension does not
reduce further above the CMC (Figure 9). In a system composed of surfactant and NMG in
water, a dynamic equilibrium exists between the free surfactant molecules in solution,
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surfactant molecules located at the air-water interface and those adsorbed on the surface of the
NMG. As the concentration of surfactant increases, adsorption takes place at both air-water
interface and the NMG surface until both surfaces are fully covered. Micelles then form at
concentrations exceeding the surfactant CMC in water. This apparent CMC (CMCypp, mol L™)
depends on the amount of NMG and on the extent of adsorption. Similarly to the definition of
CMC, on a surface tension vs. concentration curve, the start of the plateau marks the CMCjpp.

For a given NMG content, the difference between CMC and CMCy,, is assumed to be equal
to the total concentration of surfactant adsorbed on NMG surfaces at saturation 3, meaning
the maximum quantity of surfactant that can be adsorbed on the total surface of nanoplatelets.
The amount of surfactant adsorbed per NMG square meter, I'ie (g m™), is then given by
Equation 7 [ 1431

- (CMC,,, — CMC) x M gy
= SSpec[NMG]

Equation 7

With [NMG] the concentration of NMG platelets in g L™*,Mspgs (g mol™) the molar mass of
SDBS and Sepec (9 m?) the NMG specific surface area.

Surface tension
(mN m)

70 —

35-38 —

Surfactant
app concentration
(mmol L)

cCMC  cMmC

Figure 9. Scheme of the CMC,,, measurement by surface tension measurements.

Then, the concentration of surfactant adsorbed on NMG ([SDBS]nme, g L™) and free
surfactant ([SDBS]tee, g L™) can be calculated using Equations 8 and 9.

[SDBS Jjye = o X[NMG]x S, Equation 8

[SDBS]water = [SDBS]iot-[SDBS]nmis Equation 9
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Surfactants commonly used to stabilize Carbon Nanotubes (CNT) and graphene suspensions
are Sodium Dodecyl Sulfate (SDS) and SDBS. The chemical structures of these two
surfactants are presented in Figure 10 and their main characteristics are given in Table 1. The
hydrophobic tail of SDBS counts an aromatic ring in addition to the dodecyl chain, which is
not present in the case of SDS. Several authors have demonstrated that SDBS can better
stabilize the NMG platelets than SDS in water suspensions 4!,

sodium dodecyl sulfate (SDS)

Figure 10. Chemical structures of SDS and SDBS

Table 1 describes the differences of chain length and of the mean diameter of the polar head
for both surfactants. These parameters have an influence on the CMC, as reported by Yan et
al. ™ These authors have studied the interactions of surfactant and polymer for the
surfactants C,SO,, with a sulfate head and C,SOs;, with a sulfonate head. They demonstrated
that the surfactants C,SO,4 are more negatively charged than C,SO3; and as a consequence,
stronger electrostatic interactions might be formed between the polymer and the surfactant
with a -SO,4 head. SDS molecules possess a larger head diameter than SDBS molecules, and
as a consequence less surfactant molecules can be added per NMG platelets. The large
diameter of the polar head of SDS combined with a small chain length induces also a higher
CMC than SDBS molecules (Table 1).

Table 1. SDS and SDBS main characteristics

Diameter of the

Surfactant polar head Chain length CMC (mmol L™
SDS 9.4 A 08 17 A 18] 8.3 ]
SDBS 6.9 A 18l 24 A 18] 1.08 119

Moreover, many authors described the self-assembly structures of SDS on carbon nanotube
(201 and graphite **! surfaces (Figure 12a). These two surfactants have a similar adsorption
behavior on graphitic surfaces, but the aromatic rings present on SDBS can create additional
- interactions with the planar aromatic structure of graphene %2,

The conformation of SDS molecules on the graphitic surfaces has been studied by Knieke et
al. The authors used SDS as a surfactant to stabilize the graphite particles, and the
multilayered graphene platelets formed during the delamination process. In this article, the
adsorption of SDS on graphite particles was studied and the results are shown in Figure 11.
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Figure 11. Adsorption isotherm of SDS on graphite particles in water according to Knieke et al.

The adsorption isotherm exhibits two plateau regions. This effect is described as a
conformation change of SDS molecules on the graphitic surfaces #*1. At the lower plateau, the
molecules lie parallel to the graphite surface resulting in a lower packing density. With
increasing SDS concentration the conformation changes to hemicylinders arrangement. Self-
assembly structures (hemicylinders) (Figure 12b) of adsorbed surfactants on graphite surfaces
were shown to form strong alignment with the graphite symmetry axis. Similarly to the model
of epitaxial adsorption on graphite, the adsorption mechanism on nanotube walls (graphene)
was suggested to produce self-organization of surfactant molecules.

a SDBS SDS b

CizHzs—)—SO5 Na®  CHjy(CH,);;0S05 Na*
SOy S04 SOy SO
- 4 SO,

SOy, SOy SO,
SO, ;'é :so;
S0 Oy SO SOy

Figure 12. a) Schematic representation of how SDS and SDBS surfactants may adsorb onto nanotubes
24 and b) hemicylinders representation of surfactant adsorption at the graphene surface 1.

In this work, SDS (Sodium Dodecyl Sulfate) is used as a surfactant to stabilize graphite and a
concentration above the CMC (Critical Micellar Concentration) is needed because an
important surface area of graphene was created during the delamination process. This newly
developed surface (NMG platelets) needs thus to be stabilized by the surfactant during the
process.

The delamination process described in this part will be used to create NMG suspensions
stabilized by a surfactant or a stabilizer. The characterization techniques described in
Appendix | will be systematically used to determine the NMG dimensions (thickness, lateral
size) and properties (defects, specific surface area); and to determine the concentration and

60



Chapter 2 — NMG: Preparation and characterization I1. Influence of processing parameters

repartition of the surfactant in the NMG suspensions. In the following part, the main
processing parameters and their influence on the NMG dimensions and properties are studied.

II. Influence of processing parameters

Table 2 summarizes the experiments performed in this preliminary part. The experimental
conditions, namely the grinding beads diameter, the surfactant and graphite concentration, the
delamination time and ball milling procedure, are indicated for each experiment. The
parameters studied are the diameter of the grinding beads, the ball milling process
(combination of wet grinding and sonication) and the delamination time for two different
surfactants, SDS and SDBS. The stability and repeatability of the formed NMG suspensions
are also studied.

Each sample is named according to the following convention with each segment of
information separated by a slash or a dash. Segments 1 and 2 designate the type of graphene
and stabilizer used, segment 3: the concentration of stabilizer in g L™ and segment 4: the size
of the grinding beads or the type of delamination process (WG for wet grinding, S for
sonication and WG/S for wet grinding and sonication). For example, NMG/SDBS-5-400
indicates a NMG suspension elaborated by wet grinding in the presence of 5 g L™ of SDBS
using grinding beads of 400 um diameters.

Table 2. Processing conditions used to produce NMG/SDS suspensions.

Graphite Delamina

Sample name Grinding beads [Surfactant] concentration  tion time Ball milling
: -1

diameter (um) (gL (Wt26) (hours) procedure
NMG/SDS-5-400 400 5 10 4 Wet grinding
NMG/SDS-5-800 800 5 10 4 Wet grinding

NMG/SDBS- -
5AWG 400 5 10 4 Wet grinding
Wet grinding
NMG/SDBS-5-
WG/S 400 5 10 4 and
sonication
NMG/SDBS-5-S 400 5 10 4 Sonication

For each experiment, the studied parameter is indicated in bold.

1. Influence of the size of the grinding beads

Knieke et al. [3] studied the effect of two grinding beads, 50 um and 100 pm on the
production of NMG/SDS suspensions. The authors showed that increasing the grinding beads
diameter induced a decrease of the mean lateral size of the NMG platelets but also increased
the mean thickness of the delaminated sheets.
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As our aim is to produce NMG with a lateral dimension between 100 nm and 300 nm, and the
minimum thickness, we have selected large milling beads. Two experiments were realized
using zirconia grinding beads with a mean diameter of either 400 pum or 800 pm under
otherwise the same operating conditions as Knieke et al., and so without sonication. The
suspensions obtained were centrifuged and the supernatant was extracted for
characterizations.

Observations of the NMG morphology were first performed using SEM analysis (Figure 13).
Graphite platelets have been sharply exfoliated and the NMG platelets produced using 800
pum grinding beads have a lower lateral size than the NMG platelets made through grinding
with 400 pm beads. To confirm this trend, DLS and AFM were performed on both
suspensions to determine the mean thickness and lateral size of the NMG platelets.

400 um grinding beads

800 um grinding beads
% s el

*

Figure 13. SEM micrographs of the NMG/SDS platelets obtained using grinding beads with diameters
of 400 um and 800 pm, respectively.

As described in section 1.2., the lateral size of the NMG platelets was characterized by DLS.
As an example, Figure 14 represents the histogram and frequency of NMG lateral size for the
NMG/SDS-5-400 suspension. The cumulative representation will be systematically used in
the following parts and allows a better visibility of the evolution of the lateral size when
different NMG suspensions are compared.
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Figure 14. Example of lateral size distributions histogram and cumulative frequency determined by
DLS for the NMG/SDS-5-400 suspension

The NMG thickness is calculated using Atomic force Microscopy (AFM) by performing a
statistical analysis of the NMG thickness on more than 200 platelets. Figure 15 represents an
example of histogram and a typical AFM micrograph for the NMG/SDS-5-400 suspension.
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Figure 15. Example of thickness distributions histogram and AFM micrograph for the NMG/SDS-5-
400 suspension. The histrogram is obtained by measuring the thickness of more than 200 platelets on
the AFM micrograph

The resulting lateral size and thickness measured for both suspensions are reported in Figure
16 and compared with the NMG/SDS suspensions obtained by Knieke et al. using grinding
beads with a diameter of 50 pum or 100 um (data taken from the article ).
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Figure 16. Cumulative lateral size and thickness distributions of delaminated sheets for the four
grinding beads diameters: 50 and 100 um [Knieke et al.], 400 and 800 um [this work])

The trend observed by Knieke et al. is confirmed. An increase of the grinding beads diameter
induces a decrease of the NMG lateral size and an increase of the NMG thickness.

Besides, to favor the formation of armored nanocomposites, NMG with a lateral size around
100 nm should be adequate in order to cover polymer beads of approximately 300 nm to 1000
nm diameter. Therefore, using grinding beads with a diameter of 400 um should produce
NMG platelets with adequate dimensions for our study. Moreover these platelets will have a
lower thickness than the NMG platelets formed using the grinding beads with a diameter of

800 pm.

So, grinding beads of 400 um will be preferred to favor the formation of NMG with small
diameter but also a small thickness, and will be used in the following experiments.

2. Surfactant: SDS vs. SDBS

The effect of the surfactant was studied using 400 pum grinding beads diameter and two types
of surfactants, SDS and SDBS, at a fixed concentration of 5 g L™. For these two experiments,
only wet grinding was realized (no sonication). After mechanical delamination and
decantation of the suspensions, DLS and AFM characterizations were performed to determine
the lateral size and thickness of the NMG platelets formed. Figure 17 compares the
dimensions of NMG using SDS or SDBS as a surfactant and Table 3 summarizes the results.
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Figure 17. Cumulative lateral size and thickness distributions of delaminated sheets for NMG/SDS-5-
400 and NMG/SDBS-5-400 suspensions

Using SDBS instead of SDS has no influence on the mean thickness of the formed NMG
platelets. However, the lateral size increases when SDBS is used. This increase can be due to
the higher molar mass of SDBS, compared to SDS. Table 3 summarizes the NMG lateral size
and thickness determined from the data of Figure 17. For the lateral size, two values are
noted: D50 and D90 which correspond respectively to the lateral size for 50% and 90% of the
NMG sheets. Similarly, the thickness value, E50, corresponds to the thickness measured for
50% of the NMG platelets. As an example, for the NMG/SDBS-5-400 suspension, 50% of the
created NMG sheets are thinner than 4.6 nm.

Table 3. Influence of the nature of the surfactant on the size characteristics of NMG/SDS-5-400 and
NMG/SDBS-5-400 suspensions

Samole name Lateral size (nm) Lateral size (nm) Thickness (nm)
P 50% (D50)% 90% (D90)* 50% (E50)°
NMG/SDS-5-400 60 100 5
NMG/SDBS-5-400 90 860 4.6

2 Determined by DLS. ® Determined by AFM

TGA characterizations of these two suspensions are performed to determine the amount of
surfactant contained in the NMG/surfactant powder (Equation 5) and consequently the NMG
and surfactant concentration in the suspension. The results are reported in Table 4. The
surface area, Surfacey, was also calculated using the lateral size histograms obtained by AFM
measurements and the Equation 1.
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Table 4. NMG and surfactant concentrations of NMG/SDS-5-400 and NMG/SDBS-5-400 suspensions

Sample name [Surfactant] (g L") [NMG] (g L™ Surfaceg (NM?)
NMG/SDS-5-400 2.4 1.6 2 10°
NMG/SDBS-5-400 3.1 2.1 710°

The presence of an aromatic ring in the surfactant molecule promotes the creation of n-n
interactions and increases the NMG concentration in water suspension. Furthermore, the total
surface area calculated is higher using SDBS as a surfactant. Based on these results, SDBS
will be used as a stabilizer for the mechanical delamination of graphite in further experiments.

3. Effect of delamination time

Knieke et al. have milled the graphite/SDS suspension for five hours and a NMG
concentration of 1 g L™ was obtained (1%wt of graphite and [SDS] = 0.6 g L™).

To optimize the delamination time, the two suspensions previously studied (NMG/SDBS-5-
400 and NMG/SDS-5-400) were produced again and few milliliters of each suspension were
extracted each hour to determine the NMG concentration in function of the delamination time.
The NMG concentration in the suspension can be determined by UV-visible spectroscopy
[271(28] Thjs characterization technique was used by Lotya et al. at a wavelength of 660 nm to
estimate the concentration of graphene in graphene/surfactant suspensions 2%\, At 660 nm, no
absorption of the surfactant is observed and the absorption of the benzene ring of NMG can
be selectively followed to determine the NMG concentration.

Calibration curves were first established for each suspensions, and then the evolution of the
NMG concentration during ball milling was determined by measuring the absorbance of the
suspensions at 660 nm for various delamination times. Figure 18 represents the evolution of
the NMG concentration, for the NMG/SDS-5-400 and NMG/SDBS-5-400 suspensions, as a
function of the delamination time. No evolution of the NMG concentration is observed after 3
hours of delamination for both samples. Moreover, higher NMG concentrations are obtained
when the suspensions are delaminated in the presence of SDBS instead of SDS. In
consequence, SDBS is a better NMG stabilizer.
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Figure 18. Evolution of NMG concentration as a function of the delamination time using SDS or
SDBS as surfactants.
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Four hours of delamination are sufficient to obtain concentrated NMG suspensions. The effect
of the delamination process on the NMG dimensions was then investigated.

4. Effect of sonication and combination of sonication and wet grinding

As described in section I.1., wet grinding ! and sonication ! can both be used to exfoliate
graphite platelets in a water media. The combination of these two processes and the influence
of each process on the final dimensions of the NMG platelets were studied. The surfactant
used for these experiments was SDBS instead of SDS in order to favor n-m staking
interactions with NMG platelets. The effect of the grinding process on the dimensions and on
the surface defects of the resulting NMG was investigated successively.

a. Effect of the delamination process on the dimensions of the resulting NMG

The effect of the delamination process (sonication (S), wet grinding (WG) or both (WG/S)) on
the dimensions of NMG platelets and NMG and surfactant concentration in the suspension is
studied. The experiments were performed with 400 pum grinding beads and SDBS as a
surfactant at a concentration of 5 g L™. At the end of the grinding and sonication process, the
supernatant was collected and analyzed by DLS and AFM to determine the mean thickness
and lateral size of the NMG platelets formed. Figure 19 represents the cumulative intensity vs.
the NMG lateral size and the cumulative number vs. NMG thickness.
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Figure 19. Cumulative lateral size and thickness distributions of NMG/SDBS-5-S, NMG/SDBS-5-WG
and NMG/SDBS-5-WG/S suspensions prepared through different delamination processes.

Table 3 summarizes these two size parameters for each suspension for 50% of the sheets and
90% of the sheets. The lateral size distribution is narrower for the combination of wet
grinding and sonication. The thickness of the NMG platelets is also smaller when the two
processes are combined.
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Table 5. Influence of the grinding and sonication processes on the characteristics of NMG/SDBS-5-S,
NMG/SDBS-5-WG and NMG/SDBS-5-WG/S suspensions

Sample name Lateral size (r;m) Lateral size (r;m) Thickness (ntr)n)
50% (D50) 90% (D90) 90% (E90)
NMG/SDBS-5-S 50 340 4
NMG/SDBS-5-WG 90 860 4.6
NMG/SDBS-5-WG/S 30 160 3

2 Determined by DLS. ° Determined by AFM

In summary, the combination of wet grinding and sonication allows a decrease of both the
mean lateral size and thickness of the NMG platelets.

b. Effect of the delamination process on the surface defects of the resulting NMG

We used TGA to determine the effect of each delamination process on the creation of defects
in the NMG structure (Figure 20). As described in section 1.2., TGA curves can be interpreted
to determine the presence of oxygen-containing groups or defects. Figure 20 shows the TGA
curves of the three experiments. The TGA curve of commercial GO is also added for
comparison. The first weight loss corresponds to the loss of carbon oxide species, as CO and
CO, gas . This weight loss increases when the number of oxygen groups on the NMG
platelets increases and is therefore less pronounced for NMG than for GO. Moreover, the
proportion of oxygen-containing groups is similar for all NMG experiments indicating that
their formation is independent of the delamination process.
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Figure 20. Influence of wet grinding and sonication on the creation of defects in the NMG structure.

The TGA curves also indicate the presence of a larger amount of structure defects in GO or
NMG/SDBS-5-S than in the NMG/SDBS-5-WG/S suspension. The presence of structure
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defects will induce a degradation of the electrical properties. Consequently, wet grinding or
the combination of wet grinding and sonication will be favored in the following experiments
as these two processes produce a minor amount of oxygen-containing groups and create less
structure defects than sonication.

TGA was also used to determine the percentage of surfactant present in each suspension, as
described in section 1.2. The results are shown in Table 6. Knowing %SDBS,,q.r and the total
amount of solid, the SDBS and NMG concentrations of each suspension were determined and
reported in Table 7.

Table 6. SDBS content determined by TGA for NMG/SDBS-5-S, NMG/SDBS-5-WG and NMG/SDBS-
5-WG/S samples.

Sample name TGA
Wspgs (%0)  Wnwme (%0)  %SDBSpowder
NMG/SDBS-5-S 44.2 35.3 80
NMG/SDBS-5-WG 44.2 10.1 23
NMG/SDBS-5-WG/S 44.2 26.4 59.8

The results of Table 7 shows that the combination of wet grinding and sonication allows
forming highly concentrated NMG suspensions with a lower surfactant concentration,
compared to the use of sonication alone.

Table 7. Influence of the grinding and sonication processes on NMG and SDBS concentrations of
NMG/SDBS-5-S, NMG/SDBS-5-WG and NMG/SDBS-5-WG/S suspensions.

[NMG/SDBS]  %SDBSpowder

Sample name [SDBS] (gL™) [NMG] (L™

(gL? (wt%o)
NMG/SDBS-5-S 7.2 80 5.8 14
NMG/SDBS-5-WG 4.9 23 1.1 38
NMG/SDBS-5-
WG/S 5.2 59.8 3.1 2.1

To sum up, the combination of grinding and sonication induces a better exfoliation of the
graphite platelets and in consequence a smaller thickness of the NMG sheets. The lateral size
and the number of defects will be also smaller with a combination of these two processes.
Consequently, this process seems better adapted to minimize the loss of electrical properties
of the NMG platelets.

5. Repeatability

The delamination of graphite/SDBS suspensions through the combination of wet grinding and
sonication, with 400 um grinding beads, was performed several times to test the robustness
and reproducibility of the method. The concentration of SDBS was set at 5 g L™, After each
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experiment, the lateral size of the NMG platelets was measured by DLS. The results are
presented on Figure 21.
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Figure 21. Cumulative lateral size distribution determined by DLS for different runs of NMG/SDBS-5-
400 suspensions.

The lateral size results are replicable from one run to another. As a consequence the different
runs will have the same properties and will be used indifferently in the following experiments.

6. Stability of the suspensions

The stability of the NMG/SDBS-5-400 suspension was evaluated using Turbiscan® at 25 °C
every hour for 60 hours. The Turbiscan® technology is designed to monitor the stability of
ink formulations and compare their stability. The detection head moves up and down along a
flat-bottom cylindrical glass cell containing the suspension. The results are presented on
Figure 22. No destabilization of the suspension, neither at the bottom nor at the top of the tube
was visible after 60h, indicating a good stability of the NMG/SDBS-5 suspension.
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Figure 22. Turbiscan® stability analysis of the NMG/SDBS-5 suspension
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Moreover, the NMG/SDBS-5 suspension was resistant to 18000 rpm centrifugation for 30
minutes.

To conclude this preliminary study, grinding beads of 400 um will be preferred to favor the
formation of NMG with small diameters but also a small thickness. Then, it was demonstrated
that four hours of delamination are sufficient to obtain concentrated NMG suspensions.
Furthermore, the combination of grinding and sonication induces a better exfoliation of the
graphite platelets and low defects in the carbon structure. These parameters will be applied in
further experiments for which the influence of the surfactant or stabilizer on NMG
characteristics is investigated.

III. Influence of the nature and concentration of stabilizer on NMG
characteristics

1. Description of the experimental procedure

Figure 23 shows the experimental procedure which has been selected to study the effect of the
nature and concentration of stabilizer on the characteristics of the NMG platelets formed. Wet
grinding was combined with a sonication process using grinding beads diameter of 400 pum.
The delamination time was four hours and all the initial suspensions contained 10 wt% of
micrographite.

Micro-
graphite

Surfactant
or
polymeric
stabilizer

4 Ball milling A

Grinding beads: 400 um NMG +
Delamination Time: 4 hours : Decantation or ffUPernatant :
centrifugation

Surfactant
+ water

Combination of wet grinding

and sonication ) )
Sedimentation

micrographite

Figure 23. Scheme of the experimental procedure selected to study the effect of the nature and
concentration of stabilizer on NMG characteristics.

The main parameters that were studied in the following series of experiments are the nature
and concentration of stabilizer. As presented in the bibliographic chapter, a variety of
surfactants or stabilizers can be used to stabilize NMG platelets in water media. Here, the two
surfactants previously described have been chosen, SDS and SDBS. They will be compared to
two polymeric stabilizers, sodium poly (styrene sulfonate) (PSSNa) and poly(styrene)-block-
poly(ethylene oxide) (PSbPEO) which can also create n-r staking interactions with NMG
surfaces. In addition, a polymeric stabilizer poly(vinylpyrrolidone) (PVPk30, molar mass
40,000 g mol™) will be used in Chapter 4 for in situ polymerization in the presence of NMG
platelets. Therefore, this stabilizer will also be studied in this chapter.

Table 8 summarizes the experiments developed in this part with the parameters described in
Figure 23.
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Each sample was named according to the following convention with each segment of
information separated by a slash or a dash: segment 1: type of graphene, segment 2: type of
stabilizer and segment 3: concentration of stabilizer used during the delamination process (in

gL™h.

Table 8. . Experimental conditions to produce NMG/surfactant or NMG/stabilizer suspensions.

Experiment name Surfactant or stabilizer [Surfactant] (g L™)
NMG/SDS-5 SDS 5
NMG/SDBS-5 SDBS 5
NMG/SDBS-2.5 SDBS 2.5
NMG/SDBS-10 SDBS 10
NMG/PSSNa-5 PSSNa 5
NMG/PSSNa-10 PSSNa 10
NMG/PVPk30-5 PVPk30 5
NMG/PVPk30-10 PVPk30 10
NMG/PSbPEO1010-10 PSbPEO 1010 10
NMG/PSbPEO1030-10 PSbPEO 1030 10

Griding beads diameter = 400 zm. Delamination process = wet grinding + sonication
2. Effect of the type and concentration of stabilizers

a. SDBS

Influence of SDBS concentration

To observe the influence of SDBS concentration on the NMG size dimensions, we performed
three experiments using a 10%wt graphite suspension and various SDBS concentrations: 2.5,
5 and 10 g L™, respectively. Note that the CMC of SDBS (i.e., 0.6 g L™) is lower than the
CMC of SDS 2. The delamination was realized with grinding beads of 400 um during four
hours. The NMG lateral size and thickness, for each NMG suspension, were determined by
DLS and AFM. The results are presented in Figure 24 and Table 9.

Table 9. Influence of the surfactant concentration on the size characteristics of NMG/SDBS-2.5,
NMG/SDBS-5 and NMG/SDBS-10 suspensions.

Sample name Lateral size (r;m) Lateral size (r;m) Thickness (ntr)n)
50% (D50) 90% (D90) 90% (E90)
NMG/SDBS-2.5 290 370 9.8
NMG/SDBS-5 30 160 3.2
NMG/SDBS-10 15 100 >10

2 Determined by DLS. ° Determined by AFM
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The NMG lateral diameters decrease with increasing the SDBS concentration while the lateral
size distribution becomes narrower. The NMG thickness decreases up to 5 g L™ of SDBS and
then increases for higher concentrations. The thickness distribution also varies with the SDBS
concentration and is larger for the low and high concentrations than for the intermediate

concentration.
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Figure 24. Cumulative lateral size and thickness distributions of NMG/SDBS-2.5, NMG/SDBS-5 and
NMG/SDBS-10 suspensions

TEM and HR-TEM characterizations were also performed on the NMG/SDBS-5 suspension.
On the TEM image shown on Figure 25a, two large NMG platelets (around 150 nm in lateral
size) are visible (arrows). The different grey shades are consistent with different NMG
thicknesses: which can be due to the NMG overlap or NMG folding.

Figure 25. (a) TEM micrograph of NMG/SDBS-5 showing two NMG nanoplatelets (indicated by
arrows) and (b) HR-TEM micrograph of one NMG platelet counting in average 7 graphene layers
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The HR-TEM image on Figure 25b shows a NMG platelet that counts 7 graphene layers, with
a distance of 0.45 nm between each sheet. The distance between two sheets for a perfect
graphene is 0.34 nm. In consequence, the HR-TEM picture confirms the presence of
surfactant between each graphene sheets for the NMG/SDBS-5 suspension.

The NMG and SDBS concentrations of the suspensions were determined by elemental and
thermogravimetric analyses. The data are reported in Table 10 while the TGA curves of
NMG/SDBS-5 and pure SDBS are shown in Figure 26.
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Figure 26. TGA analysis of SDBS powder and NMG/SDBS-5 powder

Table 10 shows that there is a good correlation between the two characterization techniques in
the case of NMG/SDBS-5. The percentage of SDBS in the dried powder is higher for
NMG/SDBS-2.5 and NMG/SDBS-10 than for NMG/SDBS-5

Table 10. %SDBS pouder for NMG/SDBS-2.5, NMG/SDBS-5 and NMG/SDBS-10 samples

Elemental analysis TGA
Sample name %S (’/“’JOSWE;'?S Waoss (%) Wi (%)  %SDBSponger
NMG/SDBS-2.5 - - 44.2 39.5 89.5
NMG/SDBS-5 5.49 59.8 44.2 23 52
NMG/SDBS-10 - - 44.2 34.3 77.8

The final SDBS and NMG concentrations are indicated in Table 11 for the three initial SDBS
concentrations. Increasing SDBS concentration increases the NMG concentration and yield.
However, high surfactant concentrations can have a negative effect on the electrical properties
of the NMG/SDBS suspensions after drying. Therefore, to minimize the effect of the

surfactant on the final electrical properties of the suspension, the SDBS concentration should
be limited to 5 g L™

74



Chapter 2 — NMG: Preparation and characterization  Ill. Influence of the nature and concentration of
stabilizer on NMG characteristics

Table 11. Influence of the initial surfactant concentration on the final NMG and SDBS concentrations
of NMG/SDBS-2.5, NMG/SDBS-5 and NMG/SDBS-10 suspensions.

%SDBS powder [Surfactant] (g L™) [NMG] (g L™
Sample name - -
EA TGA E.A TGA E.A TGA
NMG/SDBS-2.5 - 89.5 - 1.16 - 0.13
NMG/SDBS-5  59.8 52 3.1 2.7 2.1 2.4
NMG/SDBS-10 - 77.8 - 5.6 - 1.6

The surfactant plays an important role in the exfoliation of graphite platelets during the
grinding process. Part of the surfactant is adsorbed on the NMG surface and part is free in
solution. Surfactant partitioning is an important characteristic of the present system, as it will
influence the mechanism of in situ emulsion poymerization as we shall see later in Chapter 4.
The adsorption behavior of SDBS on NMG surfaces is thus investigated in the following
paragraph.

Adsorption behavior of SDBS

Surfactant adsorption on the NMG surface was studied by surface tension measurements, as
described in section 1.3.b. SDBS repartition between NMG and water was determined by first
measuring the CMC of SDBS in water and then the CMCy, in the presence of NMG. The
evolution of the surface tension of SDBS in water solution at 25°C as a function of the SDBS
concentration is reported in Figure 27. This enabled us determining a CMC value of 1.6 10
mol L™, which is consistent with the literature .

—®— SDBS

(9]

NMG/SDBS-5-U.C

v O

(3}

CMC (SDBS)

A b 0 U0 O O
o

o

Surface tension (mN.m)

w
(92}
1

w
o

0 1 2 3 4 5
SDBS concentration ( 10-3 mol L)

Figure 27. Surface tension vs. SDBS concentration for SDBS and NMG/SDBS-5-U.C water
suspensions.
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We next determined the surface tension of the NMG/SDBS-5 suspension and found a value of
36.6 mN m™, which, according to Figure 27 is close to the surface tension of a saturated
surfactant solution (i.e., at the CMC). As a consequence, we had to decrease the SDBS
concentration of the NMG/SDBS-5 suspension to be able to effectively visualise the break in
the curve of surface tension vs surfactant concentration corresponding to the CMCgpy. .

To do so, ultracentrifugation at 50,000 rpm rotation speed was realized on the NMG/SDBS-5
suspension. The supernatant, containing only SDBS, was removed and the bottom of the
sample was redispersed in water before surface tension measurement (Figure 28). This
operation was repeated until the NMG/SDBS suspension reached a surface tension of 60 mN

1
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Micro- Ball milling
graphite D - > NMG +SDBS
+SDBS ecantation

m-.
Surface tension Bottom:
=36.6 mN m? NMG+ SDBS

(..)

Redispersionin
water

centrifugation

i

h 4

NMG+ SDBS

Surface tension
=60 mN m*

Figure 28. Scheme of the ultracentrifugation process used to decrease the surfactant concentration of
the NMG/SDBS-5 suspension.

The surface tension was then measured as a function of the concentration of added SDBS and
the results are plotted on Figure 27.

The CMC and CMC,p, were used to calculate the surface concentration at saturation (I'sa), as
previously described in section 1.3.b. (Eq.7). Then, the concentration of surfactant adsorbed
on NMG ([NMG]spss) and free surfactant ([NMG]water) Can be calculated using Equation 8
and 9. The results are reported in Table 12.

Table 12. NMG concentration, specific surface area, total SDBS concentration, CMCgy, /scand
SDBS partioning of the NMG/SDBS-5-U.C suspension.

SDBS
[NMIG] Ssp_e1 A [SDB_SI]tot CM(?lapp Fsat_2 ; [SDBS_]INMG [ free]
@L)" (M)’ @L)y  @L)" MIm)T @y
NMG/
SDBS- 2.1 140 1.7 1.43 1.110° 1.15 0.55
5-U.C

2 Determined by TGA. ° Calculated using Eq.2 and the AFM lateral size histogram, © Determined by surface
tension measurements . ¢ Calculated using Eq.7. ¢ Calculated using Eq. 8. " Calculated using Eq. 9.
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The amount of surfactant adsorbed per NMG square meter at saturation (I'sy), allowed
determining the surfactant partitioning between the aqueous phase and the NMG platelets:
[SDBS]ree and [SDBS]nme, respectively. The concentration of surfactant in the aqueous phase,
[SDBS]sree, is below the CMC of SDBS in water. This result is consistent with the surface
tension of 60 mN m™ previously measured.

Thus, the NMG/SDBS-5-U.C suspension is free of surfactant micelles and will be used in
Chapter 4 for in situ polymerization.

As shown above, the stabilizer plays an important role on the final dimensions and properties
of the NMG formed. In the following, SDBS will be replaced by polymeric stabilizers such as
PSSNa, PSbPEO and PVPk30. These stabilizers are known to increase the stability of
graphene platelets because they can create non-covalent interactions (n-nt) with the graphene
sheets.

b. Sodium poly(styrene sulfonate)(PSSNa)

PSSNa is a polyelectrolyte composed of chemical repeat units similar to SDBS. It should be
thus capable to stabilize graphene platelets in water solutions 4. This stabilizer can indeed
promote Il-stacking interactions of the benzene rings with the graphene surface, which is
known to increase the adsorption of surfactants ¥ as well as of other highly aromatic
molecules B” and rigid conjugated polymers BY. In particular, PSSNa has been widely used
for the stabilization of Multiwall Carbon Nanotubes (MWCNT) . For instance, Han et al.
showed that the presence of PSSNa improved the dispersion and stabilization of MWCNT in
water up to 1.25 mg mL™ (Figure 29).

— CH - CH, 1: MWCNT MWCNT-g-PSSNa
n n 2: MWCNT-g-PSSNa

Nao

’ High water solubility .

NaO3S..

NaO s‘
SOr Na* 1.25 mg/ml o

8 Polyelectrolyte brushed MWCNTs

Figure 29. PSSNa structure and the grafting of PSSNa on MWCNT to improve the nanotubes stability.
Reprinted from #]

Stankovich et al. demonstrated that PSSNa can also stabilize GO platelets during the
reduction process and form a complex with rGO 2. Using this process, stable aqueous
dispersions of polymer-coated graphitic nanoplatelets were produced for the first time. But
high concentrations of PSSNa were used, 10/1 w/w PSSNa/GO.

This polyelectrolyte also proved its efficiency for large-scale synthesis of graphene from
graphite by electrolytic exfoliation. PSSNa was shown to limit the defect content in the
prepared graphene. According to FTIR, the edge-to-face interaction (n—x interaction) between
the graphene surface and the aromatic rings of PSSNa was responsible for producing
exfoliation of the graphite electrode to graphene during electrolysis %, In this article, high
concentration of PSSNa was also used (i.e. up to 70 g L™).
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To obtain highly stable NMG platelets in water suspensions, mechanical delamination of
graphite/PSSNa suspensions was carried out with a low concentration of PSSNa (compared
with the PSSNa concentrations used in the literature). Two experiments were performed at 5
and 10 g L™, respectively using the conditions described in Figure 23.

The NMG dimensions were characterized by DLS and AFM and the results are summarized
in Figure 30 and Table 13.

Table 13. Effect of PSSNa concentration on size characteristics of NMG/PSSNa suspensions

Samole name Lateral size (nm) Lateral size (nm) Thickness (nm)
P 50% (D50)% 90% (D90)* 90% (E90)°
NMG/PSSNa-5 200 980 5.6
NMG/PSSNa-10 80 980 6.4

2 Determined by DLS. ° Determined by AFM
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Figure 30. Cumulative lateral size and thickness distributions of NMG/PSSNa-5 and NMG/PSSNa-10
suspensions

The NMG lateral size slightly decreases when the PSSNa concentration increases but this
decrease is less pronounced than for the NMG/SDBS suspensions. The NMG platelets have in
both cases a large lateral size distribution. An increase of PSSNa concentration also induces
an increase of the NMG thickness. The concentration of PSSNa between each NMG sheet
might be higher for NMG/PSSNa-10 than for NMG/PSSNa-5, and hence the mean thickness
measured by AFM increases.
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The PSSNa and NMG concentrations in the suspensions after wet grinding were then
calculated by elemental analysis and TGA. Table 14 summarizes the percentage of
stabilizer, %PSSNayowger, Obtained by the two methods. Regarding elemental analysis, it
should be noticed that each PSSNa molecule possesses one sulfur atom per repetition unit and
that there are 294 units per polyelectrolyte molecule.

Table 14. %PSSNa pouwqer calculation for the NMG/PSSNa-5 and NMG/PSSNa-10 suspensions

Elemental analysis TGA

Sample name
%S %PSSNa powder  Wessna (%0)  Wiime (%) Y0PSSNa powder

NMG/PSSNa-5 10.72 79.7 - - -

NMG/PSSNa-10  13.15 98 13.3 12.4 93

TGA was performed on NMG/PSSNa-10 and pure PSSNa (Figure 31) leading to a PSSNa
content of 93 wt% whose value is in agreement with the results of elemental analysis.
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Figure 31. TGA analysis of NMG/PSSNa-10

Hence, for both suspensions, the amount of stabilizer is high, indicating that PSSNa does not
well stabilize the NMG platelets. The amount of PSSNa was used to calculate the NMG and
stabilizer concentrations of each suspension and the results are shown in Table 15.

Table 15. Influence of initial PSSNa concentration on the final NMG and PSSNa concentrations of
NMG/PSSNa-5 and NMG/PSSNa-10 suspensions.

%PSSN PSSN Lt NM Lt
Sample name 0PSSNa powder =~ [PSSNa]J (gL™) [NMG] (L")

EA TGA E.A TGA E.A TGA
NMG/PSSNa-5  79.7 - 5.6 - 1.4 -
NMG/PSSNa-10 98 93 8.9 8.4 0.2 0.6
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An increase of the PSSNa concentration before grinding induces a decrease of the final NMG
concentration. It therefore seems that this polyelectrolyte is a good NMG stabilizer at low
concentration (5 g L™) but that increasing the polyelectrolyte concentration promotes
destabilization of the NMG platelets.

In summary, this stabilizer can be used for the production of NMG suspensions but it does not
stabilize the NMG platelets as well as SDBS for similar concentrations.

c. Poly(N-vinyl pyrolidone) (PVP)

Poly(vinyl pyrolidone) (Figure 32) has also been widely used to improve the stability of
carbon nanotubes or rGO in water suspensions B4 PP is composed of an hydrophobic
polyvinylic backbone, and hydrophilic pyrolidone side groups and can thus adsorb on NMG
and favor steric stabilisation P!, For instance, Arzac and coworkers used PVP to stabilize
rGO during the reduction step.

N~ ~O
H

HMH

Figure 32. PVP chemical structure

Recently, Wajid et al. also demonstrated the ability of PVP to stabilize pristine graphene in
water or ethanolic media . Figure 33, extracted from this research article, shows that the
ethanolic graphene/PVP suspensions remain stable after centrifugation.

Figure 33. Graphene/PVP stability in ethanol (c )after sonication and (d) after centrifugation.
Reprinted from (¢

PVP is also commonly used as steric stabilizer in dispersion polymerization. This process will
be investigated in Chapter 4 on in situ polymerization and this is the reason why we decided
to study the stabilization of NMG platelets by PVP in this chapter.

The mechanical delamination was performed using PVPk30 (M,=40,000 g mol™). Two
concentrations will be investigated (5 and 10 g L™). Wet grinding was performed in the same
conditions as reported in Figure 23. The DLS and AFM results are presented in Figure 34 and
Table 16.
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Table 16. Effect of PVPk30 concentration on size characteristics of NMG/PVPk30 suspensions.

Sample name Lateral size Lateral size ~ Thickness (nm)
P (nm) (D50)*  (nm) (D90)? (E90)"
NMG/PVPk30-5 400 860 7.6
NMG/PVPk30-10 260 600 4.6
# Determined by DLS. ” Determined by AFM
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Figure 34. Cumulative lateral size and thickness distributions of NMG/PVPk30-5 and NMG/PVPk30-
10 suspensions.

The NMG lateral sizes decreases with increasing PVPk30 concentration as for the two
previous stabilizers used. The lateral size distribution is slightly narrower than for PSSNa.
Moreover, the mean thickness of the NMG platelets decreases sharply with increasing the
stabilizer concentration.

TGA and elemental analysis are again in good agreement and indicate that the PVP content
increases with increasing the stabilizer concentration (Figure 35, Table 17).

Increasing the initial stabilizer concentration also induces a decrease of the NMG
concentration in the suspension (Table 18). This is similar to the results previously reported
for PSSNa except that the NMG concentration is higher.
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Table 17. %PVPK30 pouger calculation for the suspensions NMG/PVPk30-5 and NMG/PVPk30-10

Elemental analysis TGA

Sample name
%N %PVPKk30 Wevpikao (%) Wi (%6) %PVPKk30

powder powder
NMG/PVPk30-5 6.1 48.4 82.8 27.3 33
NMG/PVPK30-10 9.82 77.9 82.8 67.2 81
100 -
= pvpk30
90 -
80 | NMG/PvpK30 10
70 - \ _____NMG/PvpK305
S
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Figure 35. TGA analysis of NMG/PVPk30-5, NMG/PVPk30-10 and pure PVP

Table 18. Effect of the initial PVPk30 concentration on the final NMG and PVPk30 concentrations of
the NMG/PVPk30-5 and NMG/PVPk30-10 suspensions.

[PVPK30] (g L™ [NMG] (g L™
Sample name N
E.A TGA E.A TGA
NMG/PVPk30-5 2.2 1.7 2.3 2.8
NMG/PVPk30-10 4.5 4.6 1.3 1.2

d. Polystyrene-block-polyethylene oxide (PSbPEO)

PSbPEO copolymers have been widely studied in the literature as stabilizers for
polymerizations in dispersed media 8. Due to their chemical structure (Figure 36), these
copolymers are amphiphilic and can stabilize polymer latex particles.
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Figure 36. Chemical structure of PSbPEO 1010 (x=1000 and y=1000) and 1030 (x=1000 and
y=3000)

In addition, the presence of an aromatic ring induces possible (n-m) interactions with the
NMG platelets and reinforces its ability to stabilize NMG water-suspensions.

Two PSbPEO with a different molar mass have been used, PSbPEO1010 (M,= 148 000 g mol’
!y and PSbPEO1030 (M,= 236 000 g mol™), to study the influence of the stabilizer molar
mass on the size dimensions of NMG platelets and stability of the suspensions. The
experiments were performed in the same conditions as described in Figure 23 for two
concentrations of stabilizer: 5and 10 g L™

In the case of the low concentration (NMG/PSbPEO1030-5), no NMG platelets were obtained
in the supernatant. Therefore this concentration was not studied further. The mean lateral size
and thickness for the NMG/PSbPEO1010-10 and NMG/PSbPEO1030-10 suspensions are
summarized in Figure 37 and Table 19.

Table 19. Effect of PSbPEO composition on the size characteristics of NMG/PSbPE01010-10 and
NMG/PSbPEO1030-10 suspensions

Sample name Lateral size Lateral size (nm) Thickness (nm)
P (nm) (D50)? (D90)? (E90)°
NMG/PSbPEO1010-10 200 220 2.8
NMG/PSbPEO1030-10 140 640 3

2 Determined by DLS. ® Determined by AFM

Decreasing the PEO chain length induces a decrease of the NMG lateral size and a narrowing
of the lateral size distribution. Moreover, similar values of thickness are obtained for both
suspensions. These thickness values are lower than for all the NMG suspensions previously
described, meaning that the PSbPEO1010 and PSbPEO1030 are better exfoliants than the
other stabilizers.
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Figure 37. Cumulative lateral size and thickness distributions of NMG/PSbPE01010 and

NMG/PSbPEO1030 suspensions

As PSbPEO does not contain any heteroatom, elemental analysis could not be used in this
case to calculate the amount of stabilizer. The later was thus determined by TGA (Figure 38).
The results are gathered in Table 20.
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Figure 38. TGA analysis for NMG/PSbPE01010 and NMG/PSbhPEO1030

Table 20. %PSbPEO pouqer calculation for NMG/PSbPE0O1010-10 and NMG/PSbPEO1030-10
suspensions.

TGA
Sample name
WPSbPEO (%) WNMG (%) %PSbPEO powder
NMG/PSbPEO1010-10 99.2 86.8 87.5
NMG/PSbPEO1030-10 91.3 75.4 82.5
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Table 20 shows that both samples contain a high amount of stabilizer. The NMG and
stabilizer concentrations in solution are then calculated and summarized in Table 21.

Table 21. Influence of PEO chain length on the NMG and PSbPEO concentrations of
NMG/PSbPEO1010 and NMG/PSbPEO1030 suspensions.

[PSbPEO] (g L™ [NMG] (g L™
Sample name -
E.A TGA E.A TGA
NMG/PSbPE0Q1010-10 - 3.8 - 0.5
NMG/PSbPE0O1030-10 - 6.9 - 1.3

It is seen that the NMG concentration in water increases with increasing the number of EO
units in the stabilizer. Increasing PEO chain lenght increases the hydrophilicity of the block
copolymer, which promotes stabilization of the NMG platelets in water. Table 21 indeed
shows that PSbPEO1010 is not as efficient as PSbPEO1030 under the same conditions. In
order to increase NMG concentration with PSbPEO1010, one might need to increase its initial
concentration.

In conclusion, PSbPEO1030 is a good stabilizer of the NMG platelets and the final sheets
possess a smaller thickness than when SDBS was used as surfactant.
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Conclusions

Waterborne suspensions of Nanosize Multilayered Graphene (NMG) have been elaborated
through a low cost and environmental friendly process. To stabilize the formed NMG
platelets, a surfactant or a polymeric stabilizer was used. The main goal was the production of
multilayered graphene platelets with a small lateral size (i.e. typically between 50 to 300 nm)
with the aim to produce further armored latex/graphene nanocomposites.

In a preliminary study, the experimental procedure of ball milling of micrographite in a wet
media was described. This method, developed by Knieke et al. ¥, produces NMG platelets
with a small lateral size using grinding beads and sonication. The main parameters of this
process were sudied and grinding beads of 400 um have been preferred to favor to formation
of NMG with small diameter but also a small thickness, to ensure acceptable electrical
properties. Then, it was demonstrated that four hours of delamination are sufficient to obtain
concentrated NMG suspensions. Finally, the combination of grinding and sonication induces a
better exfoliation of the graphite platelets and low defects in the carbon structure. These
parameters have been used in further experiments for which the influence of the surfactant or
stabilizer on NMG characteristics was investigated.

To increase the stability and concentration of NMG platelets, SDBS was used instead of SDS.
This surfactant possesses an aromatic ring, and can thus create n-w interactions with graphene.
The replacement of SDS by SDBS induced a sharp increase of the NMG concentration in the
suspension. The concentration of the produced NMG suspensions was 2 mg mL™ which is
two time higher than common concentrations of graphene oxide suspensions obtained through
Hummer’s method.

Then, polymeric stabilizers have been studied: PSSNa, PSbPEO and PVVPk30. The influence
of their structure and concentration on the NMG characteristics and yield was investigated. It
turns out that, to increase the NMG concentration and stability in the suspension, the stabilizer
used must preferentially have some aromatic rings to create n-n stacking interactions with the
NMG platelets.

To conclude, polymeric stabilizers, like PSbPEO or PVPk30, can be effectively used to
stabilize NMG platelets. These stabilizers allow producing NMG suspensions with the same
or higher yield than SDBS or SDS. Furthermore, the NMG platelets obtained possess small
lateral sizes and thicknesses.

These NMG suspensions can now be used for the production of conductive nanocomposite
latexes through two processes: a physical blending of NMG/SDBS suspensions and latex
particles (in Chapter 3) and in situ polymerization with various NMG suspensions, developed
in Chapter 4.
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Introduction

In the past decades, flexible and textile substrates raised a strong interest in printed electronics
applications. Wearable electronics would transform traditional textile and apparel products
into lightweight, wireless and wearable intelligent devices [1]. Currently, conductive inks, in
particular ink-jet inks, are mostly based on dispersions of metallic particles in an aqueous or
organic medium [2]. To reach the adequate particle sintering, an annealing step at high
temperature is required, around 500-1000 °C [3]. Moreover, the resulting sintered material
can undergo only very small deformations. For those two reasons, flexible and textile
substrates cannot be used with these inks.

The aim of this chapter is to present a simple processing route for producing conductive inks
that form a continuous film at room temperature and that exhibit high deformability after
drying. The strategy is based on architectured nanocomposites allying conductivity
characteristics of Nanosize Multilayered Graphene (NMG) and deformability of a polymer
binder. The nanocomposite architecture is tuned using a latex route [4]. The production of
conductive nanocomposites by blending a polymer latex with graphene-based particles has
been already presented by several authors [5][6][7]. However in all of these works, Graphene
Oxide (GO) and reduced Graphene Oxide (rGO) were used, increasing the number of
processing steps and chemical products needed. Moreover, in most of these works, the
composite blends were not stable: the composite solids ended up flocculating and a
subsequent hot-pressing step was needed to produce a continuous composite material with
acceptable mechanical and electrical properties. Alternatively, for nanocomposite blends
formulation, the latex route exhibits two major advantages as compared to the melt route or
solution route. First, this synthetic route is sustainable as a latex is made of polymer
nanospheres suspended in an aqueous suspension and does not require the use of organic
solvent. Second, the latex route favors the built-up of a tunable architecture of fillers (Figure
1). Figure 1 represents the architecture obtained after blending of latex particles and Nanosize
Multilayered Graphene (NMG) and subsequent film-formation. The NMG platelets are
trapped between the foreign latex particles. This specific architecture, in turn, favors the
formation of a percolating network of fillers at lower filler content [8]. As a result, the final
nanocomposite microstructure counts two interpenetrated networks, one made of the polymer
matrix and the other one made of percolating fillers [9],[10].

NMG
ORO < ( * C
( )%:zs;f.- o
SOz AT
)| [852Se (S5

{) Deformed = NMG platelet
Latex particle

Figure 1. Scheme of the specific architecture obtained after film-forming of a nanocomposite blend
containing latex particles and Nanosize Multilayered Graphene (NMG) platelets.
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The use of 2D-fillers (platelets) would both favor filler contacts compared to 1D-fillers
(nanotubes) and lower the percolation threshold compared to 3D-fillers (spheres). Thus, for
geometrical considerations, platelet-like fillers [11] seem to be a good choice to build up an
efficient network with polymer nanospheres.

The chosen size ratio between the polymer nanospheres and the fillers is a compromise. On
the one hand, the platelets have to be large enough to limit the number of conductive platelets
needed to cover the surface of the latex spheres and so the number of contacts. Indeed,
intuitively, the contacts between fillers will have a lower conductivity than the intrinsic
conductivity of the filler itself. On the other hand, the platelets have to be small enough in
order not to destabilize the blend or hinder the film formation process of the latex
nanospheres.

Hereafter, a state of the art on percolation theory for geometrical, electrical and mechanical
percolation is presented. Then, the fabrication process and characterization of home-made
conductive graphene-based nanoplatelets (NMG) and latex particles used are detailed.
Thereafter, the morphological characterization and the highly conductive behavior of NMG-
based nanocomposites obtained through latex blends are discussed in terms of filler
architecture through a percolation approach. Finally, the influence of the NMG content on the
global mechanical reinforcement is studied through the characterization of the
thermomechanical properties of these nanocomposites.

I. State of the art on percolation theory

Physical blends between multilayered graphene and polymer particles have been studied by
many authors. Latex particles for physical blending can be made through different
polymerization processes, depending on the targeted beads diameter. Small latex beads
diameters can be obtained through emulsion polymerization while larger beads diameters are
usually obtained using dispersion polymerization. One of the advantages of physical blend
with polymer particles and graphene filler is the creation of a segregated network by forcing
the conductive particles into interstitial spaces between the polymer particles during the
drying of the nanocomposite [12]. This segregated network is defined as a percolating
network. In this part, the phenomenon of percolation will be explained for geometrical,
electrical and mechanical properties.

1. General considerations

The percolation theory is used to describe very different transition phenomena such as sol-gel
transition or virus propagation [13]. In materials science, it is often used to describe
transitional behavior of electrical and mechanical properties in composites [14]. The
percolation threshold is the filler critical volume fraction needed to obtain the first percolating
path throughout the polymer matrix. In a percolation approach, the fillers embedded in the
composite are described using two types of clusters: the finite clusters and the infinite or
percolating clusters, comprising a backbone and dangling bonds (Figure 2). The finite clusters
do not participate to the percolation.
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Infinite Cluster
Finite Cluster Dangling bond
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Latex particle

Figure 2. Percolation behavior in a latex-based graphene nanocomposite.

2. Geometrical percolation

The percolation theory is the formation of long-range connectivity in random systems to
create a three-dimensional network. This network is composed of neighbor “sites” connected
by “bonds”. In an infinite square network, both percolation can be defined, the “site”
percolation and the “bond” percolation. The “site” percolation threshold corresponds to the
smallest concentration of sites at which an infinite cluster of sites emerges. The “bond”
percolation threshold is a similar concept.

Around the percolation threshold, the conductivity and mechanical properties are closely
related to the weight P of the infinite cluster defined as [15]:

P(¢) - A(¢ - ¢c)ﬂ Equation 1

Where ¢ is the volume fraction of fillers relative to the total volume, ¢. is the critical volume
fraction at the percolation threshold, A is a dimensionless constant and 3 is a critical exponent
that only depends on the dimensionality of the material (for 3D-systems, 3 =0.4).

The geometrical percolation behavior in a monodisperse latex system can be compared to a
bond percolation threshold in a three-dimensional Face Centered Cubic (FCC) arrangement.
This bond percolation threshold in terms of probability is p.=0.119 [18]. The percolation
threshold in volume fraction, ¢.%°", is obtained by multiplying p. by the filling factor which
can be described as the filler content corresponding to a theoretical graphene half-monolayer
covering each latex bead (Figure 3). In these conditions, once in close packing configuration,
a perfect NMG-cellular structure is obtained with a wall thickness equal to a full NMG-
monolayer (Figure 3). The percolation threshold in volume fraction is then given by:

_ v :
gromered (1] 96) = p, x ~MEmOnoler 100 _ 0 179 3 T 30 Equation 2

C

latex latex
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With VMG halr- monolayer = 47TR2Iatex(tNMG/2) and Vaex= 4/37TR latexs Diatex (equal to 2RIatex) is the
latex diameter and tyvc IS the average thickness of the NMG platelets (measured
experimentally, tymeg=3.2 nm). Figure 3 describes the filling factor used to describe ¢.**°™.

o0

\\

TR

Figure 3. Scheme describing the filling factor used to describe the geometrical percolation threshold.

3. Percolation approach for electrical properties

In a conductive nanocomposite, the conductive fillers can be divided in two parts, the isolated
clusters and the infinite cluster. The infinite cluster carries the electrical current, whereas the
isolated clusters do not contribute to transport of electrons. The infinite cluster can be divided
into two different structures: the backbone” demonstrating the real path that carries the current
and the “dangling ends”, which can be removed from the infinite cluster when a voltage is
applied to the system because they do not carried any current [16].

Because of the close relationship between the conductivity, o, and the weight, P, of the
infinite network, it was demonstrated that in percolating systems, o follows a similar power

law [17]:
o= (f 5 } Equation 3

where o is the macroscopic conductivity of the fillers. Except for rare symmetric situations,
all the backbone bonds will carry some current when a voltage is set between the upper and
lower edges of the cluster. At the percolation threshold most of the weight of the infinite
cluster belongs to dangling bonds, not to the backbone. As described by Xie et al. for
nanocomposites with Carbon Nanotubes (CNT) dispersed in a cement matrix, the backbone
density represents only 15% at the percolation threshold [18].

Thus most of the weight contained in P makes no contribution to the conductivity o, and
therefore, the critical exponent t differs from the critical exponent B [17]. The values of
conductivity critical exponent were considered to be universal such as t=1.6-2.0 in three
dimensions lattices based on the renormalization group theory [19]. As described by Xie et
al., the value of the critical exponent t strongly depend on the mass proportion of backbone
and dangling ends density in the system [18]. The backbone or dangling ends density is
defined as the portion of the total backbone or dangling ends that belong to the percolation
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infinite clusters, respectively. When the backbone density goes to infinite, i.e., no dangling
ends in the system, the t value goes to zero.

As expected, the critical exponent t is higher than B as B takes into account the non-
conductive dangling bonds of the infinite clusters.

4. Percolation approach for mechanical properties

The percolation approach for mechanical properties is more complex. Indeed, while the
question of conductivity has a binary response, either the cluster conducts, either it does not,
in the case of mechanical properties, both finite and infinite (backbone and dangling bonds)
clusters can influence the final mechanical response, to various extents. The infinite cluster
will have the most reinforcing effect, the finite cluster the lowest one, and the effect of the
dangling bonds will lie in between. A phenomenological model associating springs in series
and parallel (Figure 4) has been proposed to describe the effect of filler percolation on the
mechanical response of composites [20][21].

Filler in finite

cluster
Filler in d) finite = d) - d) co
infinite Econtact
cluster
o Polymer blend
Econtact
d) polymer = 1- d)
Epolymer

Figure 4. Series/parallel model extended with a percolation concept.

In that model, the reinforcement due to fillers in finite clusters has been considered as low
(associated in series with the polymer matrix) while fillers in infinite clusters are associated in
parallel. In this description, for ¢<dc, the infinite cluster is not yet formed, thus its volume
fraction ¢., is zero. For ¢>dc, ¢ is established using the power law:

b
¢ _ M Equation 4
© 1- ¢c
The value of the critical exponent b lies between 0.4 and 1.6. If b=0.4, the reinforcing effect

of the dangling bonds is considered as similar to the one of the backbone and if b=1.6, the
dangling bonds are considered as non-reinforcing, similarly to the conductivity behavior. The
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stronger the interaction between fillers and polymer matrix, the lower the value of critical
exponent b will be. In nanocomposites where interfacial surface is developed, a low value for
b is expected. In literature, Bauhofer et al. used b=0.7 for composite materials composed of
single walled nanotubes dispersed in a poly(methyl methacrylate) matrix [22] while Nawaz
used b=0.8 for graphene oxide/elastomer composites [23]. At least, Faucheu et al. used b=0.4
for clay-polymer nanocomposites [24]. b is an adjustable parameter, in this work it has been
fitted to 0.6 considering our experimental data.

Based on this series-parallel phenomenological model, the elastic modulus, Ecomposite, OF the
composite is then given by [20]:

_ A—2¢, + . E tiersitter E potymer + .. A —P)E f2iller—filler

Ecomposite -
E polymer (¢ - ¢oo) +E filler— filler (1_ ¢)

Equation 5

where Efilier-fier and Epolymer are respectively the elastic moduli of the reinforcing and the soft
components (i.e. the NMG platelets and the polymer matrix). Eriyer-sitier represents the stiffness
of the filler-filler clusters and so takes into account both the intrinsic stiffness of the filler and
the stiffness of the filler-filler contacts. In literature, the filler-filler stiffness for cellulose
nanofibrils was set at 1.9 GPa [25], and for polymer blends this value was set at 2.0 GPa [20]
and 1.8 GPa, [21] depending on the nanocomposite composition. As a consequence, in this
paper, Esiner-fier for NMG was set arbitrarily at 1.8 GPa.

In the following, these different percolation approaches will be used to compare the electrical
and mechanical properties of nanocomposite films obtained through physical blending of
NMG platelets and polymer particles. The challenge relies on the production of adequate
conductive fillers with specific dimensional characteristics that do not destabilize the latex
during blending. First, the NMG suspensions and latexes particles used for the physical blend
will be described. Then, physical blending of polymer particles with two different diameters
and NMG particles will be physically blended and film-formed at room temperature. Finally,
their electrical and mechanical properties will be studied.

II. Experimental part: physical blends preparation

1. NMG suspensions

As described in Chapter 2, the conductive particles, NMG, were obtained using a bead milling
procedure in wet media combined with sonication. A stable NMG suspension stabilized by a
surfactant was isolated through decantation. It was used as-is or after increasing the NMG-
content by water evaporation. For the preparation of the nanocomposites, we used the
suspension NMG/SDBS-5 described in Chapter 2. The influence of the mechanical
delamination and sonication during the NMG production process was been studied. The goal
was to evaluate the impact of the NMG formation process on the final electrical properties of
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the nanocomposites formed. The main characteristics of the NMG/SDBS-5 suspensions used
in this chapter are reminded in Table 1.

Their dimensions were measured by AFM for the thickness and DLS for the lateral size. The
proportion of surfactant in each suspension was measured by TGA. In addition to adequate
NMG size characteristics for latex blending, these NMG water suspensions exhibited good
self-stability (no sedimentation nor flocculation after 2 weeks).

Table 1. Characterization of the NMG-SDBS5 suspensions after sonication, wet grinding or the
combination of the two processes.

Lateral size )
Lateral size )
NMG/surfactant [Surfactant] [NMG] (nm) (nm) Thickness (nm)
nm
suspension name Lh® Lh*  50% (D50 90% (E90) °
p (gL") (gL") b( ) 90% (D90)” (E90)
NMG/SDBS5_S 5.8 14 50 340 4
NMG/SDBS5_WG 3.1 1.8 90 860 4.6
NMG/SDBS5_WG/S 3.1 2.1 30 160 3

S=sonication, WG=wet-grinding and WG/S= wet grinding and sonication
¥measured by TGA, ® measured by DLS and ® measured by AFM.

The delamination process has an influence on the mean lateral size and thickness of the NMG
platelets formed, but it will also have an influence on the electrical properties.

Influence of these three suspensions on the final electrical properties will be studied first for a
physical blending of the NMG suspensions with polymer particles with a mean diameter of
650 nm. Then the influence of the polymer particle diameter on the final electrical and
mechanical properties will be studied for a physical blending of NMG/SDBS5-WG/S and
polymer particles with two different diameters (300 nm and 650 nm).

First, the preparation of the latex particles will different diameter without surfactant is
described in the following part. Owing the presence of surfactant in the NMG suspensions and
to favor the formation of large polymer particles, the latexes will be synthetized without
surfactant in this work.

2. Synthesis of surfactant-free latexes

a. State of the art on free-radical emulsion polymerization

Free radical polymerization is a well-established polymerization technique for the synthesis of
polymeric materials. This polymerization method is the most versatile type of chain growth
due to its compatibility with most monomers. Moreover this technique is tolerant to impurities
and adaptable for large-scale production. Free radical polymerization can be done in bulk,
solution, or in dispersed media. Basically, this polymerization process involves four
concomitant steps: initiation, propagation, chain transfer and termination (Figure 5).
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Initiator decomposition I s 2R°

Initiation RP+M —— RM

Propagation RM" + nM —» RMM’

Chain transfer RMM' + A —— RMM + A’

Termination RMM® +R* —— RM_,R
RMM" + 'MM,R —— RM, R

m n+m

Figure 5. Reaction steps in radical free polymerization.

Initiation is the first step of the polymerization process. During initiation, an active center is
created from which a polymer chain is generated. Initiation involves two steps. In a first step,
one or two radicals (R.) are created from the initiating molecules. In a second step, radicals
are transferred from the initiator molecules to the monomer units (M) present. Propagation
reactions follow after the initiation step and the increase in polymer chain length occurs
during this process. Chain transfer results in the annihilation of one radical, but also the
creation of another radical. Several chain transfers to the solvent, to the monomer, to the
initiator or to the polymer can occur. The main effect of chain transfer is a decrease of the
polymer chain length. Finally the growth of the polymer chains is stopped by termination.

Radical polymerizations in bulk or solvent media are associated with several issues such as
viscosity, high cost, dissipation or environmental problems. In dispersed media, where the
continuous phase is usually water, polymerization is much more convenient and has long been
widely used for the preparation of colloidal latex particles [26].

Radical polymerization in dispersed systems can be conducted by various methods e.g.
suspension, dispersion, precipitation, emulsion, miniemulsion or dispersion polymerizations
[27]. These methods are similar in terms of components (monomer(s), initiator and emulsifier
and/or stabilizer). However, they can be distinguished based on (i) initial state of the
polymerization mixture, (ii) nucleation loci and kinetics of polymerization, and (iii) the size of
the final polymer particles.

In this chapter, we will only describe the emulsion polymerization process. Miniemulsion and
dispersion polymerizations will be discussed in Chapter 4.

Emulsion polymerization is a free-radical polymerization process in heterogeneous dispersed
media. This process is among the most widely used polymerization method in industry for the
synthesis of large quantities of latex for paints, coatings and adhesives [28].

In emulsion polymerization, the surfactant, the monomer and the initiator are initially present
in a heterogeneous aqueous medium where the monomers are non-water soluble. A water-
soluble initiator is usually used to initiate the polymerization. In emulsion polymerization,
surfactants are usually added in a concentration above the Critical Micelle Concentration
(CMCQC), so that micelles (aggregates of surfactant molecules) are formed and serve as the
polymerization loci. The monomer, which is partially hydrophobic, is partitioned in big
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reservoirs (droplets), inside the micelles and a small amount is present in the aqueous phase
(Figure 6).

The water-soluble initiator can be decomposed thermally, photochemically or by the addition
of an activator (redox) to form radicals in the aqueous phase. These radicals react with the
monomer present in the water phase to form oligoradicals. These oligoradicals continue to
grow by adding monomer units, until they reach a critical length for which they are no longer
soluble in water, causing their migration to micelles or their precipitation depending on the
nucleation mechanism. The polymerization continues inside the micelles, now called
particles, swollen by monomer via diffusion of the monomer molecules from the droplets to
the particle core. Along the polymerization, particles grow by gradual entry and consumption
of monomer. Polymerization ends when all monomer is consumed. The size of the particles
obtained ranges from 100 to 600 nm.

1. Initiation 2. Propagation 3. Termination
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Figure 6. Schematic representation of the different stages of emulsion polymerization.

During the polymerization, two processes occur simultaneously: (i) initiation, propagation and
termination of the polymer chains via free radical polymerization, and (ii) nucleation,
formation and growth of latex particles. Smith and Ewart [29] proposed an arbitrary division
of the later process in three phases, giving Phase | as the nucleation process; Phase Il as the
growth of particles; and phase Il as the end of polymerization (Figure 7).

i- Phase | is characterized by the formation of radicals and oligoradicals in the aqueous phase
and their migration to the micelles core to nucleate the first particles. During this initial phase,
the polymerization rate increases owing to the formation of new particles. This phase goes
from 0 to 15% of conversion [30].

ii- Phase 1l starts after nucleation when the number of particles is constant. It consists in the
growth of the nucleated particles by consumption of the monomer present inside the monomer
swollen particles. The polymerization rate is constant during this phase due to the constant
monomer concentration inside each particle and the constant number of particles.

iii- Phase 111 comprises the consumption of the residual monomer inside latex particles, after
all droplets are consumed. During this phase the polymerization rate decreases due to the
gradual decrease of monomer concentration. The transition from phase Il to phase Il occurs
generally at a monomer conversion between 80 to 90 %.
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Figure 7. Typical kinetic profile of emulsion polymerization.

Different types of nucleation mechanisms can be distinguished depending on the surfactant
concentration and the nature of the monomer. All mechanisms take place simultaneously
during polymerization:

(i)

(i)

(iii)

Micellar nucleation, occurs when the surfactant concentration is above its CMC and
micelles are present. First oligoradicals start to grow until they reach a critical length for
which they are no longer soluble in water, causing the migration to the micelles [31].
Homogeneous nucleation occurs by the collision of two precipitated oligoradicals,
which have also reached a certain length for which they lose solubility in water. This
type of nucleation occurs mainly when a large concentration of monomer is found in
water or in the absence of micelles [32].

Coagulative nucleation can be considered as an extension of homogeneous nucleation.
The very small nuclei formed by one of the precedent mechanisms agglomerate to form
new larger particles, due to their poor colloidal stability or difficulty on swelling with
monomer [33].

To favor the synthesis of larger polymer particles, surfactant-free emulsion polymerization
can be realized. This heterogeneous process takes place without micelles [34] [35].

Emulsion polymerization can be performed under three different processes, namely (i) batch,
(i) semi-batch or semi-continuous and (iii) continuous.

(iii)

Q) In close reactors or batch systems, all the reagents are added in the same time

before starting polymerization, and time is the only variable.

(i)  Semi-batch or semi-continuous processes are carried out by initially loading the

reactor with part of the reagents, to enable the control over temperature and
nucleation and to fix the number of particles in the medium. The other part of the
reagents is added in a second step to continue the process. This technique is widely
used industrially, since it allows the control over polymer composition or the
control over particles morphology.

Continuous systems are constituted of various reactors connected in series where the

reagents are continuously fed and the product is also continuously recovered at the end of the
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cascade line. This process is used for large scale productions, but it is difficult to control the
granulometry and the morphology of the particles.

Batch and semi-batch processes will be used in this work to create latex particles with various
diameters through soap-free emulsion polymerization.

b. Latex synthesis

To obtain film-forming nanocomposites, the polymer matrix was chosen in order to have a
polymer glass transition temperature around the room temperature. To do so, a copolymer of
butyl acrylate and methyl methacrylate in equal proportions (50/50, wt/wt) was chosen.
Moreover, to obtain polymer particles with a large diameter, the copolymerization was
performed in the absence of surfactant. The mean polymer particle diameter can be increased
by changing the process from a batch to a semi-batch process.

Submicronic latex particles were obtained by surfactant-free polymerization. To do so, the
monomers (MMA, 12.5 g and BA, 12.5 g) were poured in the reactor and degassed under
nitrogen. Water (95 g) was added for further degassing and the reactor was pre-heated at
70°C. After injection of the initiator (KPS, 0.25 g) dissolved in water (5.0 g), the
polymerization was carried out during 5 hours at 70 °C. A final monomer conversion of 99 %
was reached. The average hydrodynamic particle diameter determined by DLS was 300 nm
(Figure 8) (0.03 Polydispersity Index). Polydispersity index represents the distribution of
polymer particles in a sample. This latex will be named D300 in this chapter.

Larger latex particles were obtained through a semi-batch process. The mixture of both
monomers was added in the reactor during the polymerization at 12.5 mL/hour rate. The
average particle size determined by DLS was 650 nm (0.15 Polydispersity Index) (Figure 8).
This latex will be named hereafter D650.

obtained by surfactant-free emulsion polymerization in batch and semi-batch process respectively.

These two latexes will be used for physical blending with the NMG/SDBS suspensions
described.

100



Chapter 3- Film-forming conductive inks obtained by physical blending 11.Experimental part

3. Preparation of the physical blending

The physical blends were obtained by slowly introducing the NMG platelets into the latex
suspension drop-by-drop to promote the NMG adsorption onto the latex nanospheres. In a
typical experiment, the latex (1.0 g) was poured in a beaker and placed in an ultrasonic bath.
The adequate amount of NMG suspension was placed in a syringe. The NMG-content and the
volume of suspension depended on NMG-content of the final composite that was aimed. The
NMG suspensions of different solids contents were slowly added to the P(MMA-co-BA) latex
in an ultrasonic bath and left standing for 10 min (Figure 9).

Figure 9. Processing steps of the nanocomposite materials, (a) blank latex, (b) NMG suspension, (c)
NMG-latex blend, (d) flexible and conductive material obtained after water evaporation and film
formation.

The blends exhibited a homogeneous dark grey color and no sedimentation, phase separation
nor flocculation was observed. They were poured into silicone molds and left to film-form
overnight at 40 °C. Despite the presence of nanoplatelets in the water phase, flexible free-
standing films (around 200 um thick) were easily extracted from the silicon molds after film
formation.

In the following, the samples will be referenced according to the mean polymer particle
diameter (D300 or D650), the volume percentage of NMG in the nanocomposite film (from O
to 12.1 vol%) and the delamination process used to obtain the NMG platelets (WG/S, WG or
S) (Table 6).

Note that after the film forming process, surfactant molecules may exude at the air-film and
mold-film interfaces which might influence the conductivity measurements [36]. Thus, all the
composite films were washed several times in deionized water prior to further
characterization.
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Table 6. NMG volume content for each NMG/latex suspensions

NMG NMG Sample NMG Sample NMG
Sample Sample f f
reference content reference content reference content  reference content
(vol.%) (vol.%) (vol.%) (vol.%)
D650-
D300-0 0.0 WG/S-0 0.0 D650-WG-0 0.0 D650-S-0 0.0
D650- D650-WG-
D300-0.3 0.3 WG/S 0.8 0.8 0.3 0.3 D650-S-0.1 0.1
D650- D650-WG-
D300-1 1.0 WG/S-1.2 1.2 11 1.1 D650-S-0.2 0.2
D300- D650- D650-WG-
5 3 2.3 WG/S-2 2.0 19 1.9 D650-S-0.4 0.4
D650- D650-WG-
D300-6.5 6.5 WG/S-3.2 3.2 46 4.6 D650-S-0.8 0.8
D650- D650-WG-
D300-8.3 8.3 WG/S-5.7 5.7 77 7.7 D650-S-2.4 2.4
D300- D650- D650-WG-
10.7 10.7 WG/S-7.9 7.9 101 10.1 D650-S-4.0 4.0
D650- D650-WG-
- - WG/S-9 6 9.6 121 12.1 D650-S-5.5 55

- D650-S-6.8 6.8

Influence of these three suspensions on the final electrical properties will be studied. Then the
influence of the polymer particle diameter on the final electrical and mechanical properties
will be studied for a physical blending of NMG/SDBS5-WG/S and polymer particles with
two different diameters (300 nm and 650 nm). First, thin cross sections of the nanocomposites
films D300 and D650 were performed for morphological characterization in order to observe
the repartition of the NMG platelets in the nanocomposite films.

III. Morphological characterization of the NMG/latex
nanocomposites

Thin foil TEM-specimens were prepared to assess the nanostructure of the final composite
films. These thin foil specimens (< 100 nm) of the nanocomposite materials were prepared
using a diamond knife on a cryo-ultramicrotome and observed using Transmission Electron
Microscopy (TEM Philips CM120) at the CTp (Centre Technologique des Microstructures,
Lyon 1 University). First, the influence of the NMG concentration on the film microstructure
is observed on Figure 10 for the samples D650-WGS-1.2 and D650-WG/S-7.9.
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Figure 10. TEM micrograph of a thin foil extracted from (a) D650-WG/S-1.2 and (b) D650-WG/S-7.9.

On the TEM micrographs, light grey domains are holes in the thin cross section. The polymer
matrix appears in medium grey as a homogeneous background. Due to their very small
thickness, the NMG platelets are visible when they are edge on, then they appear as dark
sticks or dark aggregates. Compact arrangement of latex particles surrounded with NMG
platelets is visible as domains distributed as a cellular structure. These TEM observations are
consistent with a geometrical description of the composite as a close-packed cubic
arrangement of deformed spheres.

At lower magnification, NMG paths are visible throughout the nanocomposite material. The
TEM micrograph shows a 2D-cross-section of the 3D-NMG network that is developed
throughout the whole material. These cross-sections give insights of the network density. As
expected, with an increase of NMG content from 1.2 % vol to 7.9% vol, the network density
is clearly higher: an increasing number of paths are visible and an overall cellular architecture
appears (Figure 10).

The morphology of the composites was then assessed through TEM observation on thin-foils
cut from the most concentrated films for both sample series to observe the influence of the
polymer beads diameter (Figure 11). The morphology of the D300-10.7 sample (Figure 11b)
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seems less organized than the one of the D650-WG/S-9.6 sample (Figure 11a). That might be
due to the fact that the size ratio between the NMG platelet and the latex nanosphere is less
favorable for a neat deformed close-packing in the case of D300 series compared to D650
series.

Figure 11. TEM pictures of cryo-ultramicrotome cross sections of nanocomposite films made with
polymeric beads of a- 650 nm and b- 300 nm for 10 vol % of NMG volume fraction.

Thanks to the latex blending route, using fillers with adequate sizes, flexible NMG/polymer
composite materials with an architectured microstructure were elaborated. The influence of
latex beads diameter on electrical and mechanical properties are explored hereafter.

IV. Electrical conductivity of the nanocomposites

The electrical conductivity was measured directly using a four-probe setup equipped with a
conductimeter (Keithley 2400) [22]. Measurements can be done on free-standing films or on
film deposited on a substrate. In our case, ten measurements on free-standing films were
performed on each side of each composite film. The mean value was considered and standard
deviation is reported on the graphs. Conductivity results are normalized regarding samples
shape and thickness using form factors (Appendix ).

1. Effect of the NMG delamination process

As recalled in Table 1, processing conditions influence the concentrations of NMG and
surfactant in the final suspension as well as the dimensional characteristics of the NMG.
Based on the characteristics of the NMG suspension, it was shown that the combination of
mechanical delamination and sonication is the most interesting choice (Chap 2.11.4).
Nanocomposite films D650-WG/S, D650-WG and D650-S were produced and electrical
measurements were performed. Figure 12 presents the experimental results for the three series
(dark diamonds for D650-WG/S, grey squares for D650-WG and dark grey circles for D650-
S).
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Figure 12. Measured electrical conductivity of the nanocomposite specimens.

Note that the conductivity of the blank sample (vol%(NMG) = 0) was not measured but set to
a value for common dielectric materials (10° S m™) [37]. The experimental values exhibit
first a steep increase in electrical conductivity from 10® to 1 S m™, at low NMG volume
fraction followed by a softer increase for NMG volume fraction above 2-3 vol.%.

The steep increase of the conductivity corresponds to the percolation threshold. Figure 12
shows that the percolation threshold is influenced by the process used to produce the NMG
platelets. The lowest percolation threshold is for the combination of mechanical delamination
and sonication. Furthermore, the maximum conductivity is also higher for the NMG platelets
made through this process. These results confirm that the combination of mechanical
delamination and sonication is also the most interesting choice considering the final electrical
properties of the nanocomposite.

2. Effect of the latex beads diameter

Figure 13 presents the experimental measurements of electrical conductivity for both sample
series (grey diamonds for D300 and dark squares for D650). The experimental values exhibit
first a steep increase in electrical conductivity from 10 to 1 S m™, at low NMG volume
fraction followed by a softer increase for NMG volume fraction above 2-3 vol.%. A quasi-
plateau is reached around 10-11 vol.% of NMG with a maximum electrical conductivity of
700 S m* for D300-11 and 217 S m™ for D650-10. To the best of our knowledge, these
conductivity values are among the highest values available in literature for graphene-latex

composites [38].
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Figure 13. Electrical conductivity in function of the NMG volume fraction for D300 (grey diamond)
and D650 (black Square).

To highlight the influence of the NMG 3D-network on conductivity, the behavior of
graphene-based nanocomposites is usually described through a probabilistic approach called
percolation theory described in the first part of this chapter [17].

Based on Equation 3, the conductivity of the nanocomposite material, o, can be plotted in
function of the filler volume percentage, ¢ [39] [40]. In literature, the statistical percolation
threshold is said to depend on the lattice dimensionality (3 dimensions in our case) and lattice
geometry (more likely close to faced-centered cubic in these latex-based materials) [41]. The
critical exponent t is a universal exponent that is said to mainly depend on the dimensionality
of the lattice. To use the conductivity model (eq.3), the percolation threshold is adjusted in
order to obtain a linear regression consistent with the experimental data (Figure 14) and with
acceptable values for both parameters oo and t.

In the conductivity model, o, describes the conductivity of NMG clusters in the
nanocomposite. This conductivity is strongly related to both the intrinsic characteristics of the
filler and the quality of interactions between fillers. Values for the intrinsic conductivity of
graphene monolayers are largely documented in literature around 107-10® S m™ for in-plane
graphene monolayer conductivity [42]. It was demonstrated that in-plane conductivity
decreases with increasing the number of graphene layers due to overlapping of the non-
hybridized p, orbitals perpendicular to the sheets. The addition of one layer to a monolayer
was found to divide by half the conductivity while further addition leads to lower influence
[43], thus the conductivity of few-layer graphene is expected around 10°-10” S m™. However,
these extremely high values do not take into account the filler-filler contacts.
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Marinho et al. conducted an experimental study on conductivity of powder compacts made of
graphite and graphene powders [44]. They measured 2.12:10° S m™ for the graphite compacts
and 2.62:10° S m™ for the graphene compacts. The higher conductivity exhibited by the
graphite compacts might be due to larger particle-particle contacts that overcome the lower
intrinsic conductivity of graphite compared to graphene. In this work, a compact made of the

homemade NMG-powder was produced with measured conductivity of 5.10* S m™.
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Figure 14. Log-Log plot illustrating the percolation model for a- D300 and b- D650.

For both series, oq carries the acceptable value of 1.8 10* S m™. This value is consistent with
the conductivity of NMG-powder discussed here-before. The critical exponent t remains in
the 1.6-2.0 acceptable range [45], [46]. Under these conditions, linear regression (Figure 14)
of good quality is obtained from the model equation. The percolation thresholds ($c***)
extracted from these linear regressions are 0.4 vol.% for D300 samples and 0.12 vol.% for
D650 samples.

A fair consistency is found between the model curves and the experimental measurements on
Figure 13. Moreover a higher percolation threshold and a higher electrical conductivity
maximum are found for D300 series. These results can be qualitatively discussed considering
the description of percolation behavior described in Figure 15. In this Figure, a percolation
path in the compact arrangement of latex beads is illustrated in a two dimensional simple
description taking into account the size ratio between latex beads and NMG-platelets. For a
given number of NMG-platelets, on the one hand, the number of possible percolating paths is
higher for D300 leading to a higher percolation threshold. On the other hand, the total number
of percolating paths is higher for D300 leading to a higher maximum electrical conductivity.
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Figure 15. Scheme of a percolating path throughout the polymer matrix made of a- D300 and b-
D650.

In summary, the conductivity behavior observed for these graphene-based nanocomposite
materials is consistent with a three-dimensional percolation behavior. The mean diameter of
the latex beads has a significant influence on the percolation threshold and the maximum of
electrical conductivity after film-forming of the nanocomposites.

In order to demonstrate the potential application of our conductive films, a basic electronic
setup based on a light emitting diode (LED) was mounted (Figure 16).

conductive graphene-based
nanocomposite wires

®

2

Figure 16. LED setup with conductive graphene-based nanocomposite wires (sample 8) in
replacement of classical copper wires.

In this setup, small strips (2 mm-wide, 20 mm-length and 200 pum-thick) were cut out of
D650-5.7 (5.7 NMG volume %). These strips were used to replace part of the copper wires
that bond the LED to the batteries. An unexpected advantage of the nanocomposite material
was obtained in that in a classical LED setup a current-limiting resistor is added to protect the
LED. In our proposition, a built-in resistor was obtained and the resistance value could be
tuned by changing the NMG content and the dimensional characteristics of the material strip.
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Similarly, a pen was filled with the nanocomposite conductive latex D653-WG/S-3.2, and
deposits were made on different substrates such as paper, PET film and coated fabric (specific
for ink printing). Five layers were successively deposited and the substrate was dried between
each deposit. A final thickness of 30 um was obtained. The electrical properties were then
measured and the results are summarized in Figure 17.

1,E+01 - .
Free-standing

o film
€ 1,E400 -
L
2
2 1,E-01 -
o
=]
©
c
9 1,E-02 -
©
=
S
© 1,E-03 -
@
w
1,E'04 n T T
Physical blending Paper PET film Fabric for ink
with polymer applications

particles D=650 nm

Figure 17. Electrical conductivities for the D650-WG/S-3.2 free-standing films and after deposition
on various substrates: paper, PET film and fabric.

These results are compared with the electrical conductivity of free-standing film obtained as
reported above in section I1.3. Similar electrical conductivities are obtained for a deposit on
PET film and fabric. But low electrical conductivities are obtained for a deposit on paper. Part
of the composite latex can be absorbed by the paper fibers. These results are promising in that
this composite latex could be further formulated into a conductive ink: a thickener could be
added to adjust the viscosity in order to deposit the right amount of ink in a single layer. For
instance, polyacrylic Acid is commonly used as thickener for latexes.

V. Thermo-mechanical properties of the nanocomposites

The thermo-mechanical response of the materials was evaluated through Dynamic
Mechanical Analysis (DMA). A sinusoidal stress (y*=yoexp(iot)) is applied and the strain
(e*=¢goexpi(wt+d)) in the material is measured, giving the complex modulus (G*= y*/
e*=G’+iG”). The material undergoes a small deformation and remains in its elastic domain. A
temperature scan is performed, leading to variations in the complex modulus linked to the
variations in the internal molecular motions. This approach can be used to locate the
temperature (T,) of the main mechanical relaxation of the material, defined as the temperature
of the maximum of G”. The material is said to be in the glass state or energy elastic state at
temperatures lower than T, and in the rubber or entropy elastic state at temperatures higher
than T,. T, is often assimilated to Tj.
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The DMA measurements were performed in torsion mode at a fixed frequency (1 Hz) from
200 K to 380 K with a heating rate of 1 K min™* on custom-made equipment. The storage
modulus (G) and the loss modulus (G”) were measured as a function of temperature. Sample
dimensions were about 10x3.5x0.2 mm®. To minimize uncertainties due to errors in
dimensional measurements of the samples, all curves were adjusted in the glassy domain
using a three-phase autocoherent model [47].

1. Comparison of Tq and Tg

Prior to investigating the nanocomposites, the DMA response of the blank samples obtained
through both polymerizations has been compared (0%vol). The evolution of the loss modulus
vs. temperature plotted in Figure 20 clearly shows a relaxation temperature (T,) of 14°C for
the sample D650 and a large relaxation temperature between -10°C and 21°C for the sample
D300 at 0%vol of NMG.

These values can be compared with the glass transition temperatures (Ty) measured by
Differential Scanning Calorimetry (DSC) (Figure 18). DSC is an analytical technique in
which the difference in the amount of heat (AH) required to increase the temperature of a
sample and reference is measured as a function of temperature. The resulting DSC curve
exhibits a step. The glass transition temperature T, corresponds to the temperature of the
inflexion point. DSC measurements were carried out by heating 20 mg of sample from -40 to
140 °C at a heating rate of 20°C/min. This temperature scan was repeated twice. The second
set of scanning data was used to measure the Ty DSC experiments were performed on a
Mettler Toledo DSC.

4 Tg:-5°Cand 40 °C

——300nm

——650nm

AH

-40 =20 o 20 40 60 80 100 120 140

Temperature (°C)

Figure 18. DSC analysis (exo up) of the polymer particles with a mean diameter of 300 nm and 650
nm.

The glass transition temperatures measured by DMA and DSC are summarized in Table 8.
Both copolymers have a glass transition temperature around room temperature. This is

110


http://en.wikipedia.org/wiki/Thermal_analysis
http://en.wikipedia.org/wiki/Heat
http://en.wikipedia.org/wiki/Temperature

Chapter 3- Film-forming conductive inks obtained by physical blending V.Thermo-mechanical properties

consistent with a film-formation at room temperature. The semi-batch process (D650) induces
a well-defined Ty in comparison with the batch process (D300).

Table 8. T, and T, measurements for both samples D300 and D650

Samples Ta Tg
P (DMA measurements ) (DSC measurements )
D300 -10°C to 21°C -5°C to 40°C
D650 14°C 17°C

In nanocomposite studies, authors reported a shift of T, toward higher temperatures with
increasing filler content compared to its polymer matrix due to the decrease of polymer chain
mobility in the close vicinity of the filler [48]. The loss modulus G” versus temperature for
different loads of NMG in the nanocomposites (D650 and D300 series) is also studied (Figure
19). In both samples, the relaxation temperature does not depend on the concentration of
NMG added. So, no decrease of polymer chain mobility is observed in these nanocomposites.
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1E'04 T T T T 1 1E_O4 ; ; ; ; .
150 200 250 300 350 400 150 200 250 300 350 400
Temperature (K) Temperature (K)

Figure 19. Loss modulus vs. temperature for a- D300 and b- D650 samples.

2. Thermo-mechanical measurements

The addition of NMG platelets in the polymer matrix can induce an increase of the
nanocomposite modulus, also called reinforcement. From a general point of view, the
modulus increases with the filler content and the aspect ratio but also depends on the
dispersion and on filler-filler or filler-matrix interactions. The thermo mechanical response of
the different samples was evaluated and the storage moduli, G, are plotted versus temperature
in Figure 20. For two experiments, the samples passed the main mechanical relaxation but
broke before reaching 80°C. Consequently the curves were graphically extrapolated (dash
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plots) to allow a comparison between all experiments. For all samples, the main mechanical
relaxation T, occurs around 0-30 °C, which is consistent with film-forming process occurring
at room temperature.

To address the reinforcement induced by the NMG-clusters, the storage modulus has to be
considered in temperature range 50-80°C, where the polymeric matrix is under rubbery state
(low modulus). For both sample series, the rubbery plateau is clearly shifted toward high
modulus values with increasing NMG volume fraction.
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Figure 20. DMA results for a- D300 samples and b- D650 samples.

The reinforcement factor is defined as the ratio between the modulus of the composite and the
modulus of the blank polymer. Figure 21 shows the reinforcement factors calculated at 80°C.
A higher reinforcement factor is clearly obtained for the D300 series. Similarly to the
electrical behavior, the difference between mechanical reinforcement in D300 and D650
series can be illustrated using Figure 21. In fact, the total number of percolating paths is
higher for D300 samples. These experimental data are compared to data calculated from the
mechanical percolation model using the experimental moduli of blank polymers (1.8 GPa) as
input parameters (Equation 5).
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Figure 21.Experimental and model reinforcement factor as a function of NMG volume fraction ( ¢)

D300 and (M) D650 series.

The model fairly correlates the experimental data (Figure 21). However, the sensitivity of the
model does not allow a precise determination of a percolation threshold. The percolation
threshold (¢."™) was estimated around 0.5-0.8 vol.% for D300 and at 0.2-0.4 vol.% for

D650.
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Conclusions

The percolation behavior of conductive composites obtained through latex route has been
studied in terms of conductivity and mechanical reinforcement. The influence of the size ratio
between the conductive filler and the latex nanosphere drove the study.

The final composite materials exhibit micrometer-scale domain size with filler paths running
throughout the material. The conductivity behavior is successfully described using a
percolation approach that confirms the presence of a three dimensional filler network
efficiently spread across the material. Mechanical reinforcement with increasing NMG
content is also consistent with a percolation behavior. The experimental percolation
thresholds determined using both electrical and mechanical results are comparable to
geometrical percolation thresholds (Table 9) calculated theoretically using equation 2.

Table 9. Geometrical, mechanical and electrical percolation threshold for the 300 nm and 650 nm
latex beads diameter.

Sample series q)cgeom (%VOI) (I)Celec (%VOI) (I)CmECha (%VOI)

reference
D300 0.38 0.4 0.5-0.8
D650 0.17 0.12 0.2-0.4

Highly conductive graphene-based composite materials have been produced through a latex
route (solvent-free procedure). The composite-latex blend is based on acrylate copolymers
that are already mature in the ink and paint industry: they can form continuous and
deformable films without neither high temperature curing nor additional hot-pressing, which
is adequate for flexible and textile substrates. The composite latex blends exhibited good
shelf-stability.

The nanocomposite materials exhibit good electrical properties (10° S m™ comparable to
commercial carbon-based conductive inks) with low filler content: less than 10 wt.%
compared to 20-40 wt.% in existing conductive inks. This elaboration route based on blends
of NMG platelets and polymer latex particles provides a promising candidate for conductive
inks for printed electronics and functional conductive materials. These conductive
nanocomposite suspensions could become a cheaper alternative to silver-based conductive
inks for printed electronics and could open more versatile electronic applications due to the
deformability of the polymer matrix, for instance, on textile substrates. The potential interest
for electronics has been demonstrated by the use of the nanocomposite material in
replacement of copper wires in a LED setup.
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Introduction

This chapter presents the synthesis of NMG-armored nanocomposite latexes prepared by
polymerization in the presence of NMG, so called in situ polymerization. As illustrated in
chapter 1, GO (followed by a reduction step) is largely preferred to NMG in literature for
syntheses of nanocomposites through in situ polymerization. GO has been reported to be an
amphiphilic material due to the combination of hydrophilic groups such as carboxylic acids at
the sheet periphery, and hydrophobic graphitic regions in the basal plane. Consequently, GO
has been shown to stabilize oil-in-water (o/w) emulsions, resulting in Pickering emulsions [1].

This work is motivated by a simplification of the process by using directly NMG in in situ
polymerization, and so without any post-polymerization reduction step. However, as NMG is
not as stable as GO in water, the use of surfactant or stabilizer is needed. The aim is to
produce armored polymer particles, meaning that the surface of the polymer particle is
covered with NMG platelets. Geometrically, the latex diameters need to be higher than the
NMG lateral dimensions. With NMG platelets exhibiting a lateral dimension around 50 nm,
latex diameters around 0.3-1um should be adequate.

To produce latexes, polymerization in dispersed media is chosen and particularly
polymerization processes in emulsion, miniemulsion and dispersion. With different
experimental conditions, these processes allow the synthesis of latex particles in a wide range
of sizes. Typically, emulsion and miniemulsion polymerizations produce polymer particles
with a diameter between 50 and 500 nm, while dispersion polymerization allows the
formation  of  particles with a diameter between 05 and 20 pum.
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The following chapter is divided in three sections. First the mechanism of in situ
polymerizations in the presence of graphene will be presented. Second, experimental in situ
emulsion and miniemulsion polymerizations in the presence of NMG stabilized in water with
different stabilizers will be developed. In particular, the impact of the choice of stabilizer
nature and concentration will be studied. Then, in order to increase the polymer particle
diameter, in situ dispersion polymerization will be investigated using NMG suspensions with
poly(vinyl pyrolidone) (PVP). In a third section, the electrical properties of these
nanocomposite films obtained through in situ polymerization will be measured and compared
with those of the physical blends reported in chapter 3.

I. In situ polymerization in the presence of graphene

As discussed in the last chapter, free-radical polymerization is a well-established
polymerization technique for the synthesis of numerous polymer materials due to its
compatibility with most monomers. In chapter 1, examples of in situ polymerization of
graphene-based composite extracted from literature have been presented. In the following, the
polymerization mechanisms of in situ polymerization in the presence of graphene platelets
will be detailed.

1. In situ polymerization with graphene

Here, the Nanosize Multilayered Graphene (NMG) suspensions stabilized with a surfactant or
a stabilizer will be used instead of GO particles. The main advantage will be to avoid the
reduction process of GO which currently induces a destabilization of the final nanocomposite
suspensions formed. Yet, the main challenge of this chapter will be to synthetize large
polymer particles in the presence of surfactant or stabilizer, meaning a polymer particle
diameter superior to the NMG lateral size. Moreover, an armored nanocomposite, with latex
particles surrounded by NMG platelets, with only non-covalent bonding is also a challenge.
To perform these requests, three main polymerization processes will be successively
developed: in situ emulsion, miniemulsion and dispersion polymerization in the presence of
NMG suspensions. [2] The reactivity of graphene platelets is first investigated.

2. Reactivity of graphene platelets

Current methods for graphene production lead to graphene layers with so-called defects.
Defects are structural imperfections and chemical impurities randomly distributed on the face
or edges of the graphene sheet [3]. These defects reduce the intrinsic electrical properties but
can also provide additional reactive sites for further graphene functionalization. In addition,
the graphene edges are considered to be more reactive than the inner surface faces [4].
Finally, a graphene sheet exhibits reactive sites on its edges and defects (Figure 1). It is also
expected that zigzag edges will display higher reactivity compared to armchair ones.
However, it is technically challenging to control the edge structure, so, in practice, graphene
contains a combination of both types of edge configurations (combined edge), which makes it
difficult to control the functionalization process [5]. Numerical simulations [6] indicates that
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hydroxyl, carboxyl, or other groups can easily be attached to vacancy-type defects. The same
is true for graphene edges that are normally saturated with hydrogen [7].

airmchair

combined edge

Figure 1. Scheme representing the reactive sites on graphene sheets. [4]

In brief, the functionalization of graphene sheets might result from unpaired electrons
enhancing the reactivity there and leading to a chain reaction from the initial point of attack
[8]. Due to the presence of unpaired electrons available on the graphene, the carbon
compounds are currently used as trapping agent [9][10]. In fact, radical polymerizations of
vinyl monomers are remarkably retarded in the presence of nano-carbons, such as carbon
black, carbon nanotubes, and fullerene, because initiator radicals and growing polymer
radicals are readily trapped by these nano-carbons [11][12].

GO had also been used for trapping of polymer radicals [13] for functionalization with
styrene, for example, as described by Beckert et al. [14]. The presence of radicals can also
interact with the polymer initiators during in situ polymerization in the presence of nano-
carbon compounds. It was reported that during the polymerization initiated by conventional
radical initiators in presence of carbon black, a part of the polymer formed is grafted onto the
carbon surface. But the percentage of polymer-grafting on the carbon surface is less than
10%. Most of trapped radicals are initiators fragments instead of polymer chains [11].

The retardation or inhibition of the polymerization, due to the presence of nano-carbon
compounds, strongly depends of the nature of the monomers [15]. An inhibition was first
observed in the polymerization of styrene with carbon black. In fact, the growing polymer
chains are more reactive toward carbon black surface than initiator fragments and the growth
of polymer is stopped prematurely during this induction period. Whereas, in the case of
methyl methacrylate or vinyl acetate polymerization with carbon black, a marked retardation
of the polymerization is visible due to the predominant reaction of initiator fragments with the
carbon black surface.

The possible interactions of the graphene surfaces with the initiators and monomers can create
a modification of the polymerization rate. Furthermore, the presence of radicals on the
graphene surface can lead to the creation of covalent bonds between the graphene platelets
and the growing polymer without upstream functionalization of graphene platelets.
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3. Characterization techniques

The characterization techniques used in this chapter to analyze the properties, the NMG
platelets and nanocomposite latexes formed are succinctly presented in this section.

Latex characterization

To evaluate the latex size distribution and mean diameter, two complementary methods,
Dynamic Light Scattering (DLS) and Transmission Electron Microscopy (TEM), have been
used. The hydrodynamic average particle diameter (D, nm) and the dispersity of the samples
(indicated by the poly value - the higher this value, the broader the size distribution) were
determined by DLS in a Nano Zetasizer Malvern Instrument. The DLS technique is mainly
adapted to spherical objects [16]. Since our samples contained non-spherical particles, the
results obtained were only considered as indicatives of particles size.

Particle morphology was determined by TEM. For TEM analysis, the diluted latex samples
were dropped on a carbon/formvar-coated copper grid and dried under air. Observations were
made either at room temperature or under cryogenic conditions (cryo-TEM). Based on TEM
micrographs, statistics over 50 particles give a mean diameter Drgy to be compared with Dy,

The number of polymer particles can be calculated using the Dy, and Equation 1.

N _ M X6 Equation 1

latex 3
plztex XX Dh

with mjaex the weight of polymer (taking into account the polymer conversion) and pjaex (1.18
g cm™) the polymer density.

The polymerization kinetics is the conversion degree versus time. It is experimentally
calculated by gravimetric analysis. At different time during the polymerization, a known mass
of suspension is extracted from the reactor and left evaporated in an oven. The ratio of the
solid content over the initial mass gives the conversion degree.

Stability of the nanocomposite suspensions

The stability of the nanocomposite suspension was assessed using a Turbiscan® Static
Multiple Light Scattering (MLS). The Turbiscan® technology is designed to monitor the
stability of ink formulations and compare their stability. The detection head moves up and
down along a flat-bottom cylindrical glass cell containing the suspension. The detection head
comprises a near infrared pulsed light source (A = 880 nm) and two detectors. The
transmission detector (facing the light source) receives the light that goes through the sample,
while the backscattering detector placed at 45° from the light source direction receives the
light scattered backward by the sample (Figure 2). The transmission detector is used for non-
opaque samples, whereas the backscattering detector is used for opaque samples.
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Figure 2. Scheme illustrating transmission and backscattering during Turbiscan® analysis.

To analyze our suspensions, only the backscattering detector was used due to their opacity.
The backscattering intensity depends on particle size, concentration and absorbance. Changes
in particle size such as flocculation or coalescence can be detected as well as local changes in
volume fraction such as migration phenomena (creaming, sedimentation).

Concerning changes in particle size, for particles smaller than the incident light (< 500 nm),
an increase of particle size is showed by an increase in backscattering. Conversely, for
particles bigger than the incident light (>500 nm), an increase in size leads to a decrease in
backscattering [17]. Figure 3 shows the backscattering intensity versus the total height of the
sample.
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Figure 3. Example of profiles for a flocculation phenomenon for particles diameter of 1 um [18]

Turbiscan profiles showing backscattering intensity versus height are also used to characterize
the stability of a suspension. Particle migration in the suspension (sedimentation or creaming)
leads to local changes of the particles concentration. These phenomena are detected in
Turbiscan profiles by localized changes of the backscattering intensity. The variation of the
backscattering intensity will be named AR(%) in the following Turbiscan graphic, and
represents the variation of the backscattering in comparison with the spectrum at t=0.

Figure 4 shows examples of curves obtained for a stable (a) and unstable (b and c)
suspensions. The backscattering value is obtained by subtracting the initial backscattering
profile to each other profile, in order to enhance variations. For a stable suspension, all the
profiles overlap whereas for unstable suspensions, variations are visible (Figure 4). In Figure
4b, at the top of the cylinder, the backscattering intensity increases due to the increase of
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particle concentration consecutive to a creaming phenomenon. At the bottom of the cylinder,
the backscattering intensity decreases due to a decrease of the particles concentration,
meaning a clarification phenomenon is occurring.
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Figure 4. Superposition of scans with time for a- stable sample and unstable samples, b- creaming
and c-sedimentation phenomena [18]

In Figure 4c, another example of unstable suspension is presented. The backscattering
intensity decreases at the top of the cylinder due to a decrease of the particles concentration,
hence a clarification is occurring. At the bottom of the cylinder, the backscattering intensity
increases due to the increase of particle concentration consecutive to a sedimentation
phenomenon.

In the case of a mixture of two different particles, as for latex particles and graphene platelets,
the behavior of the suspension might be more complex to analyze through Turbiscan®. To
draw a parallel, the behavior of a suspension containing green pigments and white pigments is
presented in Figure 5. A clarification phenomenon is visible at the top of the cylinder and
sedimentation phenomenon is visible at the bottom of the cylinder. In addition to these two
negative peaks, positive peaks in the upper part of the cylinder are also visible. These specific
curves are analyzed as follow. The green pigments are the one falling faster and lead to a
sediment that absorbs light as the emitting source is in the near infra-red leading to a negative
backscattering signal at the bottom of the cylinder. Once the green pigments have fallen, the
white pigments remain in suspension. Therefore, the positive peaks are attributed to the white
pigments that are slowly falling to the bottom exhibiting positive peaks as they are known to
be highly diffusive species. A similar behavior might be observed for our composite latex
particles with latex acting as diffusive species and NMG platelets acting as light absorbers.
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Figure 5. Backscattering profiles for a mixture of pigments [18].

The diffusion and adsorption phenomenon, as it has been seen in the previous examples,
strongly modify the backscattering intensity. As for example, colored or black particles will

adsorb part of the backscattering intensity and in consequence the backscattering signal might
decrease.

NMG concentration in the nanocomposite suspension and theoretical surface coverage

In order to compare the nanocomposite films made through physical blending and in situ

polymerization, the weight percentage of NMG in the composite latexes was calculated using
Equation 2.

mInitial
NMG,, (Wt%) = - conversion %0
Initial initial initial
mNMG + mStabiIizer + mmonomers 100

Equation 2

This equation takes into account the initial mass of NMG introduced in the reactor, m\\a , the

mass of stabilizer and monomers introduced, respectively m™l and m"%! and the final

stabilizer monomers?

conversion (namely conversion in the Equation 2) calculated by gravimetric analysis at the
end of the polymerization.

The percentage of surface coverage of the latex particles by NMG platelets can be determined
using Equation 3 assuming a 2D square lateral packing of the NMG platelets, meaning that

the platelets lie flat on the surface (Figure 6) and packing can easily be changed to different
arrangements, such as hexagonal or random [19].
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y .

Figure 6. Schematic representation of the 2D square lateral packing of NMG platelets on a flat
surface [19].
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Where Nnwme is the number of NMG platelets,
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Equation 4

NNMG =

Niaex IS the number of polymer particles, Syme is the area occupied by one NMG (
Sywe =0 7ue ) and Siaex is the surface area of one polymer particle (Eq. 5).

Siater = 7% D; Equation 5

Where mywic is the weight of NMG, pawc (2.23 g cm™), dawie is the mean lateral size of the
NMG platelet and tnwv IS the mean thickness of the platelets. It turns:

(%) — 4 x platex % mNMGdIatex ><100

Equation 6
67  Puvc  Mawextnme

Tcoverage

The surface coverage is not real because it means a homogeneous coverage on monodisperse
latex particle, which is hardly obtained under experimental conditions. However, this
parameter is useful to evaluate the ability of the latex to be conductive after film formation
and compare the different latexes obtained through in situ polymerization. In chapter 3, the
geometrical percolation threshold for 3D nanocomposites is said to need a surface coverage of
19%. In the following parts, the number of NMG and polymer particles, Nnms and Niaex and

the surface coverage, 7,4, Will be calculated for each synthesis.
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II. Emulsion polymerization in the presence of NMG suspensions

In situ emulsion polymerization in the presence of NMG suspensions will be conducted with
three types of NMG suspensions (previously characterized in chapter 2): NMG/SDBS,
NMG/PSSNa and NMG/PSbPEO. The objective is the synthesis of NMG/latex
nanocomposites which remain stable at the end of the polymerization process. The NMG
concentration in these suspensions needs to be above the percolation threshold, previously
defined in chapter 3 around 0.2 vol% of NMG for 300 nm latex beads diameter. Moreover, as
it was previously defined, the mean latex particle diameter needs to be 300 nm at the
minimum in order to create armored nanocomposites. The impact of the surfactant or
stabilizer on the latex dimensions will be studied in this part for the in situ emulsion
polymerization in the presence of NMG.

1. Emulsion polymerization mechanisms and impact of NMG

Basics of emulsion polymerization have been described in chapter 3. Here, specific nucleation
and polymerization mechanisms in the presence of NMG platelets are presented.

a. Nucleation mechanisms

Three nucleation mechanisms can be used to describe particles formation and strongly depend
of experimental conditions and monomer solubility.

First, heterogeneous or micellar nucleation implies the presence of surfactant micelles and so
a concentration of surfactant above the CMC. In this mechanism, proposed by Harkins et al.
[20], oligoradicals grow until they reach a critical length z: for which they become enough
hydrophobic to enter in the monomer swollen micelles. Polymerization then continues in the
micelles.

The second nucleation mechanism is the homogeneous or coagulative nucleation, which has
been particularly studied by Roe et al. [21]. In this case, oligoradicals grow in the continuous
phase until they raise a critical length jeic>zcit. At this length they become insoluble and
precipitate to form primary particles. These primary particles can either grow by reacting with
monomers or coagulate with another primary particle to form bigger particles and decrease
their surface energy.

The third nucleation mechanism is the monomer droplets nucleation, described by capture of
radicals by the monomers droplets. This mechanism is favored when the size of the monomer
droplets is significantly reduced, and so favorable in miniemulsion or microemulsion
polymerization. This mechanism was highlighted first by Ugelstad et al. in miniemulsion
polymerization of styrene with SDS and cetylic alcohol [22].

b. Impact of the presence of NMG platelets in the system

The introduction of NMG platelets in the polymerization system will modify the nucleation
mechanisms of emulsion polymerization. Two cases can be distinguished: below the CMC,p,
and above the CMC,p, in water.

If the surfactant concentration is above the CMC,, at the beginning of polymerization,
micellar nucleation both in free micelles and adsorbed micelles are in competition (Figure 2a).
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Monomers are mainly in droplets; however some are solubilized in water and also swollen in
surfactant micelles. When the NMG concentration is in small quantities (which is always the
case for our systems) the nucleation will preferentially start in the free micelles. As the
polymer particles grow, the polymer-water interface increases. If the surfactant exhibits a high
mobility in the water phase, for example due to its low molar mass, the surfactant will quit
the NMG surface and adsorb on the growing polymer particle leading to a destabilization of
NMG platelets (Figure 7a). Experimentally, NMG powder will be expulsed on the glass wall
of the reactor during the polymerization process.

For the second case (Figure 7b), below the CMC,yp, no surfactant micelles are present in
water. During the nucleation step, oligoradicals are formed in water, precipitated and looked
for stabilization by a direct adsorption on the NMG platelets or by adsorbing the complex
NMG/surfactant. This process thus combines coagulative nucleation with heterocoagulation
throughout the polymerization reaction. In this case, the formation of NMG-armored
composite latexes will be favored (Figure 7b).
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Figure 7. Scheme illustrating the possible mechanisms occurring during in situ emulsion
polymerization in the presence of NMG platelets a- above CMCapp and b- below CMCypy.

The following part will describe the experimental procedure used to synthesize

nanocomposite latexes through in situ emulsion polymerization in the presence of NMG as
well as the characterization techniques.
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2. Experimental procedure for in situ emulsion polymerization with
NMG suspensions

As already mentioned, three different types of NMG suspensions will be used, which
correspond to different stabilizers: SDBS, PSSNa and PSbPEO 1030, respectively.

In a typical in situ emulsion polymerization run, 20 g of NMG suspensions (at different
concentrations) and 2 g of a mixture of styrene and butyl acrylate monomers (50/50%wt) are
introduced in a 50 mL polymerization reactor and degased under nitrogen during 30 minutes.
In parallel, the initiator (1 wt%/monomers or 2 wt%/monomers) (potassium persulfate, KPS)
is dissolved in water and degased under nitrogen. This mixture is then introduced in the
polymerization reactor and the polymerization starts when the temperature reaches 70°C. The
agitation is performed by an anchor blade. This 50 mL polymerization reactor was
specifically made for this project (Figure 8).

Figure 8. Picture of the 50 mL polymerization reactor

For the polymerizations without NMG, also named blank experiments, the 20 g of NMG
suspensions are replaced by 20 g of deionized water and a certain amount of surfactant (the
concentration is fixed to be the same than for the syntheses with NMG/surfactant
suspensions). The following tables detail the experimental conditions for each NMG/stabilizer
suspensions used. First, Table 1 describes the experimental conditions for in situ emulsion
polymerizations with NMG/SDBS suspensions. As an alternative to SDBS as a surfactant,
two other polymeric stabilizers are used for these polymerizations, PSSNa and PSbPEO 1030.
Table 2 summarizes the experimental conditions for in situ emulsion polymerizations using
these stabilizers.

128



Chapter 4 —In situ polymerization with NMG 1. Emulsion polymerization in the presence of NMG suspensions

Each polymerization sample was named according to the following convention with each
segment of information separated by a slash or a dash. Segment 1: type of polymerization
process (E for emulsion, mE for miniemulsion and D for dispersion), segment 2: percentage
of initiator (1%/monomers or 2%/monomers), segment 3: type of polymerization (B for blank
experiment or NMG for in situ polymerization), segment 4: type of surfactant or stabilizer and
segment 5: actual stabilizer concentration in the suspension (in g L™) as determined by TGA
(see chapter 2). This nomenclature will be identical for all the polymerizations presented in
this chapter.
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Table 1. Experimental conditions for all in situ emulsion polymerizations performed in the presence of SDBS or NMG/SDBS.

Monomers Initiator
Experiment name NMG suspension [NMG] (g L™ [SDBS] (g L™
Sty/BA (g/q) (%/M)
E-1%-B/SDBS-2 - - 1/1 1
E-2%-B/SDBS-2 - - 1/1 2
E-1%-NMG/SDBS-2.7 NMG/SDBS-5 2.4 2.7 1/1 1
E-29%-NMG/SDBS-2.7 NMG/SDBS-5 2.4 2.7 1/1 2
E-29%-NMG/SDBS-1.2 NMG/SDBS-2.5 0.2 1.2 1/1 2
E-2%-NMG/SDBS-0.3 NMG/SDBS-5-dial 0.8 0.3 1/1 2
E-2%-NMG/SDBS-1.7 NMG/SDBS-5-U.C 2.1 1.7 1/1 2

Table 2. Experimental conditions for all in situ emulsion polymerizations performed in the presence of PSSNa, PSbPEO 1030, NMG/PSSNa, or

NMG/PSbPEO 1030.

Experiment name NMG suspension [NMG] (gL™) [Stabilizer] (g L™ SIEc/)I/C/)IgZ\r?S/rS) |El0i/:[)i/8|.\t/|(;r
E-2%-B/PSSNa-8 - - 8 1/1 2
E-2%-NMG/PSSNa-5.6 NMG/PSSNa-5 14 5.6 1/1 2
E-2%-NMG/PSSNa-8.4 NMG/PSSNa-10 0.6 8.4 1/1 2
E-2%-NMG/PSSNa-27 NMG/PSSNa-10-conc 1.2 27 1/1 2
E-2%-B/PSbPEO-7.6 - - 7.6 1/1 2
E-2%-NMG/PSbPEO-6.9 NMG/PSbPEO 1030-10 1.3 6.9 1/1 2
E-1%-NMG/PSbPEO-6.9 NMG/PSbPEO 1030-10 1.3 6.9 1/1 1
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At the end of the polymerizations, the nanocomposite suspensions formed are characterized to
measure the final concentration of NMG platelets, the stability of the suspensions and the
polymer particles diameter. The following part details these characterization techniques.

3. In situ emulsion polymerization with NMG/SDBS suspensions

As presented in Table 1, the syntheses will be performed first with NMG/SDBS-2.5 and
NMG/SDBS-5 suspensions. The main characteristics of these suspensions are summarized in
Table 3.

Table 3. Main characteristics of NMG/SDBS-2.5 and NMG/SDBS-5 suspensions

sample name  [SDBS]  [NMG]  Surface tension  Lateral size (nm) - Thickness (nm)

QLY (LY (MmN m™) 90% (D90) 90% (E90)
NMG/SDBS-25 1.2 0.2 49.2 370 0.8
NMG/SDBS-5 2.7 2.4 36.6 160 3.2

The NMG concentrations are different in both suspensions, which might impact the
nucleation mechanism during the in situ polymerization. In addition, the surfactant
concentrations in these two suspensions are different. According to the surface tension
measurements, the surfactant concentration is below CMC,,, for NMG/SDBS-2.5 and above
for NMG/SDBS-5 meaning that NMG/SDBS-2.5 counts no surfactant micelles whereas
surfactant micelles are present in NMG/SDBS-5. This difference leads to a difference in terms
of nucleation mechanisms during the in situ emulsion polymerizations. The influence of the
concentration of initiator on characteristics of the nanocomposites formed is studied first.

a. Influence of initiator concentration

Four polymerizations are performed. Two in situ polymerizations with the NMG/SDBS-5
suspension (with styrene and butyl acrylate as monomers and KPS as initiator) and two
polymerizations without NMG (with styrene and butyl acrylate as monomers and KPS as
initiator) with 2 g L™ of SDBS were synthesized. The experimental conditions are a
polymerization temperature of 70°C and an agitation of 200 rpm during 7 hours. To compare
these polymerizations, the mean polymer particle diameter, the particle size distribution and
the polymerization kinetics are measured using the techniques developed above.

The polymerization kinetics is presented in Figure 9. For blank polymerizations, 100%
conversion is obtained. Moreover the polymerization rate increased with the initiator
concentration. For in situ polymerizations, a full conversion is not obtained with 1% initiator
but with 2% initiator and the polymerization rate decreases compared to blank experiments (at
the same KPS concentration).

NMG platelets count defects and unsaturated electrons in their structure. These radicals can
react with the initiator and with the monomers [23]. In fact, Casado et al. showed that carbon
black, which contained chemisorbed oxygen-containing species, is known as inhibitors of
radicals during polymerization. The consequence of this interaction will be a decrease of the
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polymerization rate and final conversion, as observed in Figure 9. Final conversions are
detailed in Table 4.
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Figure 9. Polymerization kinetics for two concentrations of initiator with and without NMG.

The polymer particle diameters, measured by DLS and TEM are detailed in Table 4. For all
the samples, the polymer particles have a final diameter between 50 and 85 nm. A small
decrease of the polymer particle diameter is observed when the concentration of initiator
increases for both blank and in situ polymerizations. The introduction of NMG platelets in the
polymerization induces an increase of the mean polymer particle diameter.

Moreover, for the experiments with 1%KPS, a sharp increase of the poly value is observed
between the blank and in situ polymerizations. This increase of the polymer particles size
distribution may be related to the different nucleation mechanism in the presence of graphene
platelets and to a poor stability of the resulting particles for the low initiator concentration. As
described in section 1.2., part of the radicals can be trapped by the NMG platelets and in
consequence less radicals and charged initiator fragments are available for the polymerization
reaction and latex stabilization, respectively.

Table 4. Polymer particle diameters and conversion for blank emulsion polymerization and in situ
emulsion polymerization in the presence of NMG/SDBS-5 suspensions for two KPS concentrations.

. DLS TEM Final conversion
Experiment name o
Dy, (nm) Poly  Drew (nm) (%0)
E-1%-B/SDBS-2 63 0.04 - 100
E-2%-B/SDBS-2 54 0.03 - 100
E-1%-NMG/SDBS-2.7 84 0.36 - 89
E-29%-NMG/SDBS-2.7 70 0.05 72 100
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For further in situ polymerizations, 2%/M of KPS (corresponding to 0.04 g of KPS in our
polymerization conditions) will be used in order to obtain a total conversion.

b. Influence of surfactant concentration

The influence of the surfactant concentration on the final polymer particle diameter and
conversion is studied with the NMG/SDBS-2.5 and NMG/SDBS-5 suspensions. As presented
in Table 3, the concentration of surfactant in the NMG/SDBS-2.5 suspension is below the
CMC,pp. This parameter might have an impact on the polymerization mechanism. The in situ
emulsion polymerizations were performed in the polymerization conditions described in
section 11.2.a.

For both polymerizations, part of NMG was expulsed on the glass wall of the reactor. This
proportion of NMG is lost but taken into account in the calculations of NMG wt%. This
destabilization of the NMG platelets might be due to the high mobility of SDBS in the
aqueous phase. During the nucleation phase, the growth of the polymer particles induces an
increase of the surface tension at the polymer/water interface. As a consequence, more
surfactant is needed to stabilize the growing polymer particles: Surfactants desorb from the
NMG platelet to adsorb on the growing polymer particles, leading to destabilized NMG
platelets that are expulsed on the glass wall of the reactor (Figure 10).
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Figure 10. Hypothetic nucleation in the presence of NMG platelets for in situ emulsion
polymerization.

The morphology of the final latexes is presented on the cryo-TEM micrographs of Figure 11.
TEM contrast between polymer and NMG is low. NMG are visible if they are thick enough or
if they are edge up. Few NMG platelets are visible on the polymer particles, indicated with
arrows. The NMG platelets seem to be concentrated on the biggest polymer particles.
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Figure 11. Cryo-TEM pictures for a) E-2%-NMG/SDBS-1.2 and b) E-2%-NMG/SDBS-2.7 after
polymerization

The particle diameter, size distribution and final conversion are gathered in Table 5 along
with the NMG content in the nanocomposite suspension. The number of NMG and polymer

particles, Nnwe and Niaex, has also been calculated and a theoretical surface coverage, 7 ,yeraqe

, has been evaluated. A sharp difference of particle size is noticed. This variation is due to the
decrease of the SDBS and NMG concentration for the composite latex E-2%-NMG/SDBS-
1.2. In fact, the decrease of the surfactant implies that less surfactant molecules can stabilize
the growing particles and the interfacial tension between the water phase and the particles will
be higher. Consequently, the latex particles can have a larger diameter. With a surfactant
concentration below CMC,pp, the latex size is much larger compared to the latex size obtained
with a surfactant concentration above CMCgp. The same phenomenon will happen for the
NMG platelets, a high concentration of NMG platelets will induce the formation of polymer
particles with a lower diameter. Moreover, the mean latex diameters obtained by TEM and
DLS are consistent. The conversion is not total for the E-2%-NMG/SDBS-1.2 hanocomposite
latex despite an amount of initiator of 2%/M.

Table 5. Polymer particle diameters and conversion for in situ emulsion polymerization in the
presence of NMG/SDBS-2.5 and NMG/SDBS-5 suspensions.

: DLS  TEM _
Experiment  NMG Conversion N .
name (g L'l) Dn POly Dtem (%) NMG latex coverage
(nm) (nm)
E-2%-NMG . "
/SDBS-1.2 0.3 260 0.05 220 65 6.8 10 1.210 29
E-29%-NMG 5 .
/SDBS-2.7 24 70 005 72 100 1610"° 9410° 63
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For both syntheses, the number of NMG platelets is lower than the number of polymer
particles, which is consistent with the few NMG platelets observed on the cryo-TEM
micrographs (Figure 11). With the increase of NMG concentration, the evaluated theoretical
surface coverage naturally increases despite the decrease of particle size.

To study more specifically the impact of surfactant concentration on the polymer particle
diameter, the surfactant concentration in the NMG/SDBS-5 suspension has been decreased
while maintaining a reasonably high NMG concentration. Two processes are used: dialysis or
ultracentrifugation. For dialysis, 50 g of NMG/SDBS-5 are introduced inside a dialysis
membrane. Two liters of water are placed outside the membrane; surfactant molecules can go
through the membrane pushed by osmotic pressure. Water is changed every day until equal
surface tension is reached inside the membrane (NMG suspension) and outside the
membrane. After a month of dialysis, the surfactant concentration is 0.3 g L™, which
corresponds to a surface tension of 64.1 mN m (Table 6). This process induces a sharp
decrease of the surfactant concentration. As an alternative, ultracentrifugation is performed at
50,000 rpm rotation speed on the NMG/SDBS-5 suspension. The supernatant, containing only
SDBS, is removed and the bottom of the sample is dispersed in water. A final SDBS
concentration of 1.7 g L™ is reached, which corresponds to a surface tension of 41.3 mN m
(Table 6).

Table 6. Main characteristics of NMG/SDBS-5-dial and NMG/SDBS-5-U.C suspensions

[SDBS] [NMG] Surface tension

Sample name ; ) )

P @LY) (gL (MN m%)
NMG/SDBS-5-dial 0.3 0.8 64.1
NMG/SDBS-5-UC 1.7 2.2 41.3

Two in situ emulsion polymerizations are realized with the suspensions NMG/SDBS-5-dial
and NMG/SDBS-5-U.C respectively in the conditions described in the section 1l.2.a. These
syntheses will be named E-2%-NMG/SDBS-0.3 and E-2%-NMG/SDBS-1.7, respectively.
During the in situ polymerization containing a low surfactant concentration (E-2%-
NMG/SDBS-0.3), destabilization of all the NMG platelets appeared 30 minutes after the
beginning of the polymerization. This polymerization was stopped and not further
characterized.

The polymerization kinetics of the polymerization E-2%-NMG/SDBS-1.7 and E-2%-
NMG/SDBS-2.7 are compared in Figure 12. These two polymerizations were performed with
a similar concentration of NMG but a different concentration of SDBS. A small decrease of
the surfactant concentration leads to a sharp decrease of the polymerization rate. A full
conversion is not reached for E-2%-NMG/SDBS-1.7. As expected, by reducing the surfactant
concentration below the CMCy,p, NMG platelets are not fully covered with surfactant leading
to more residual functional groups or defects available to react with the initiator leading to the
trapping of a part of the radicals.
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Figure 12. Polymerization kinetics for the nanocomposites E-2%-NMG/SDBS-1.7 and E-2%-
NMG/SDBS-2.7.

The cryo-TEM micrograph of latex E-2%-NMG/SDBS-1.7 is presented in Figure 13. Few
NMG platelets are visible around the largest latex particles (pointed by the black arrows) and
a wide latex size distribution is observed.

Figure 13. Cryo-TEM picture of E-2%-NMG/SDBS-1.7 nanocomposite latex.

The mean polymer particle diameter is measured by DLS and TEM. The NMG weight
percentage and surface coverage are calculated. The results are collected in Table 7 and can
be compared to the characteristics of samples E-2%-NMG/SDBS-1.2 and E-2%-NMG/SDBS-
2.7 presented in Table 5.
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Table 7. Polymer particle diameter, monomer conversion, particle number and theoretical surface
coverage for the E-2%-NMG/SDBS-1.7 nanocomposite latex.

. DLS TEM .
Experiment NMG Conversion N N .
reference (g L-l) Dh PO'y DTEM (%) NMG latex coverage
(nm) (nm)
/SDBS-1.7 2.2 216 0.04 228 90 1.410"® 2910 19.3

The decrease of SDBS concentration just below the CMC,p,, induces a sharp increase of the
mean polymer particle diameter without an increase of the particle size distribution. With a
weight percentage of NMG similar to E-2%-NMG/SDBS-2.7, a higher theoretical surface
coverage is reached: almost two particles of NMG are available for one polymer particle.
Note that this surface coverage takes into account all the NMG introduced into the reactor, but
a part of NMG is expulsed on the reactor wall for most of these polymerizations.

In order to obtain larger polymer particles and so increase the surface coverage, a semi-batch
process is proposed (Figure 14). The aim of this synthesis is to avoid the nucleation step
which induced a destabilization of part of the NMG platelets. First, a surfactant-free
polymerization is performed at 70°C until the latex particles reach a diameter of 200 to 300
nm. Then, a solution of monomers on one side and a suspension of NMG containing initiator
in another side will be added continuously into the reactor with a rate of 12.5 mL per hour.
The suspension NMG/SDBS-5-U.C will be used in order to have a surfactant concentration

below the CMCqp.
initiator
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>
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= 200-300 nm

Figure 14. Scheme of the semi-batch process to favor interactions between NMG platelets and
forming latex particles.

Unfortunately, NMG platelets are destabilized just after their introduction in the
polymerization reactor and no NMG platelets are visible in the nanocomposite suspension at
the end the polymerization.
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Stability of the nanocomposite latexes

The global stability of the nanocomposite latexes formed in this part with 2%/M of KPS are
studied. First, pictures of the samples were taken at the end of the polymerization and after 5
days (Figure 15). The color of the latex depends on the size of the polymer beads. For large
particles, the latex will be white, whereas for small particles (< 100 nm approximately) the
latex will be more transparent or bluish. Consequently, the color of the nanocomposite latex
will depend both of the size of the polymer particles and the concentration of NMG platelets.

The E-2%-NMG/SDBS-2.7 nanocomposite latex is darker than the other samples due to its
high concentration of NMG platelets but the polymer particles formed are really small. When,
the polymer particles are bigger, the suspension appears more with a grey opaque color. After
five days, a small dark deposit is visible in the bottom of the samples for all the in situ
polymerizations. But, the supernatant still have a grey color, meaning that part of the NMG
platelets remains in suspension.

E-2%-B/SDBS E-2%- E-2%- E-2%-
-2 NMG/SDBS-1.2 NMG/SDBS-1.7 NMG/SDBS-2.7

[INMG]=03g Lt [NMG]=2.2g Ll [NMG]=2.4¢gL?
D,=260nm  D,=216nm D,= 70 nm

Figure 15. Pictures showing the stability of the blank latex E-2%-B/SDBS-2, and nanocomposite
latexes E-2%-NMG/SDBS-1.2, E-2%-NMG/SDBS-1.7 and E-2%-NMG/SDBS-2.7, with time.

The stability of the latexes E-2%-B/SDBS-2, E-2%-NMG/SDBS-2.7 and E-2%-NMG/SDBS-
1.7 were analyzed via Turbiscan® (Figure 16). For all three graphs, the backscattering
intensity increases with time at the top of the cylinder. And at the bottom of the cylinder, the
backscattering intensity decreases with time. The sedimentation of part of the polymer
particles covered by NMG and the free NMG induces an increase of the adsorption intensity
in the bottom of the cynlinder. Similarly, less NMG is present in the top of the cylinder and
consequently it induces an increase of the backscattering. In the middle of the cylinder, the
backscattering signal could be caused by a gradient in the sedimentation rates: the latex
exhibits a wide size distribution, and so the sedimentation phenomenon occurs with a wide
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range of rates. In addition, the sediment seems higher for the nanocomposite latex E-2%-
NMG/SDBS-1.7 which is the nanocomposite containing a lower concentration of surfactant.

These stability analyses demonstrate that part of the suspension can sediment for the
suspensions less charged in surfactant. But a simple shaking of the suspension induces a
redispersion of the particles with no variation of the particle size (measured by DLS).

E-2%-B/SDBS-2 E-2%-NMG/SDBS-1.7 E-2%-NMG/SDBS-2.7
20 20 - 20 -
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Figure 16. Turbiscan® stability analysis of the nanocomposite latexes E-2%-B/SDBS-2, E-2%-
NMG/SDBS-1.7 and E-2%-NMGSDBS-2.7

To conclude, in situ polymerizations with NMG/SDBS suspensions allow the formation of
nanocomposite particles with a maximum diameter of 260 nm by decreasing the surfactant
concentration just below the CMCyy,. The surfactant, SDBS, presents a high mobility in the
aqueous phase and induces a destabilization of part of the NMG platelets during
polymerization. In order to counteract the destabilization of NMG platelets due to surfactant
mobility in water, two polymeric stabilizers (NMG/PSSNa and NMG/PSbPEO1030)
exhibiting a lower molecular mobility in the aqueous phase due to their high molar mass, have
been selected and investigated in the following section.

4. In situ emulsion polymerization with NMG/PSSNa suspensions

The PSSNa used is a polyelectrolyte with a molar mass of 70,000 g mol™. It is known to
create w-n staking interactions with NMG platelets [24]. Due to the high molar mass of this
stabilizer, its mobility in solution is lower than SDBS mobility, and should induce a lower
destabilization of NMG platelets. As seen in chapter 2, the use of PSSNa as stabilizer during
mechanical delamination of graphite powder is not as efficient as the use of SDBS, the
suspensions are less concentrated in NMG. In situ emulsion polymerizations were realized
with two NMG suspensions (prepared in Chapter 2): NMG/PSSNa-5 and NMG/PSSNa-10.
Another suspension, named NMG/PSSNa-conc, was also prepared by partial water
evaporation from the NMG/PSSNa-10 suspension in order to increase the NMG concentration
in the suspension. PSSNa and NMG concentrations and NMG dimensions are summarized in
Table 8.
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Table 8. Main characteristics of NMG/PSSNa-5, NMG/PSSNa-10 and NMG/PSSNa-conc suspensions

sample name [PSSNa] [NMG] Lateral size (nm) Lateral size ("nm)  Thickness (nm)

(LY  (@Lh 50% (D50) 90% (D90) 90% (E90)
NMG/PSSNa-5 3.1 0.8 200 980 5.6
NMG/PSSNa-10 8.8 0.3 80 980 6.4
NMG/PSSNa-conc 27 1.2 80 980 6.4

As a reference, a blank polymerization with PSSNa was performed using the same PSSNa
concentration than the NMG/PSSNa-10 suspension (i.e., 8 g L™). Blank and in situ emulsion
polymerizations were performed using the polymerization conditions described in section
I1.2.a. The resulting nanocomposites: E-2%-B/PSSNa-8, E-2%-NMG/PSSNa-3.1, E-2%-
NMG/PSSNa-8.8 and E-2%-NMG/PSSNa-27 were characterized and compared. The
polymerization kinetics for the nanocomposite latex containing NMG platelets are presented
on Figure 17.

As expected, the use of a polyelectrolyte induced less destabilization of NMG particles and
none are visible on the glass walls of the reactor during the polymerization. A final
conversion of 100% was reached for the three syntheses. Moreover, the stabilizer and NMG
concentrations seem to have no significant impact on the polymerization rate and final
conversion.
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Figure 17. Polymerization kinetics for nanocomposites with the three NMG/PSSNa concentrations.

Cryo-TEM was performed on the samples E-2%-B/PSSNa-8 and E-2%-NMG/PSSNa-3.1
(Figure 18a and b) and TEM observations were realized on the samples E-2%-NMG/PSSNa-8
and E-2%-NMG/PSSNa-27 (Figure 18c and d). TEM micrographs show that the polymer film
forms however information on morphology is still adequate (Figure 18). Due to their small
thickness and their flexibility, part of the NMG platelets might be invisible on the pictures.
Only one platelet is visible for E-NMG/PSSNa-3.1 on the cryo-TEM picture.
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Figure 18. Cryo-TEM pictures of a) the blank experiment E-2%-B/PSSNa-8 and b) the nanocomposite
latex E-2%-NMG/PSSNa-3.1 and ¢, d) TEM pictures of the nanocomposites E-2%-NMG/PSSNa-8 and
E-2%-NMG/PSSNa-27, respectively.

The polymer particle diameter was also measured by DLS and the NMG weight percentage
and surface coverage of latex particles by NMG platelets was calculated for each
nanocomposite latex. These values are summarized in Table 9. The number of NMG platelets
is lower than the number of latex particles, which can explain that no (or very few) NMG
platelets are seen on the TEM pictures. Despite an increase of the NMG concentration, the
surface coverage remains very low.

For the blank polymerization, the particles obtained presented a diameter of 340 nm, which is
higher than the previous polymerizations with SDBS. Full conversion is not reached, meaning
that the polymerization time can be increased in order to reach a total conversion. Addition of
NMG platelets induces a decrease of the latex diameter compared to the blank
polymerization. An increase of the PSSNa and NMG concentration induces a small decrease
of the latex diameter. This behavior can be due to a lower surface tension at the
water/polymer interface when the concentrations of PSSNa and NMG increase.
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Table 9. Polymer particle diameter, monomer conversion, particle number and theoretical surface
coverage for blank and in situ emulsion polymerizations performed using PSSNa as stabilizer.

Experiment NMG DLS TEM Conver-
N N T
name (0 L'l) Dn Poly Dtem  sjon (%) NMG latex coverage
(nm) (nm

E-2%0-B
E-29%-NMG 5 "
/PSSNa-3.1 0.8 184 0.02 162 100 51107 5.210 3.7
E-29%-NMG s "

/PSSNa-8 0.2 170 0.03 130 100 9.6107 6.610 1
E-29%-NMG " "
IPSSNa-27 1.2 147 0.04 185 95 3.810" 9.710 3.8

As before for SDBS, the stability of the nanocomposite latexes formed in this part was studied
first by visual inspection and then using Turbiscan®. After five days, only a very small dark
deposit was visible in the bottom of the samples containing NMG platelets (Figure 19). But,
the latexes seemed more stable than when SBDS was used as surfactant, because no
discoloration of the supernatant was visible.

The Turbiscan® results are shown in Figure 20. For the blank curve (E-2%-B/PSSNa-8), a
sedimentation phenomenon is visible. This sedimentation can be due to the size of the
polymer particles, which will naturally form a sediment. Concerning the nanocomposite latex
samples, the variation of AR (%) is very small and does not exceed -5% for the
nanocomposite latexes E-2%-NMG/PSSNa-3.1 and E-2%-NMG/PSSNa-8 in the bottom of
the cylinders. Only the nanocomposite with the highest percentage of NMG (E-2%-
NMG/PSSNa-27) presents a sediment in the bottom of the cylinder.
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Figure 19. Pictures showing the stability of the blank latex E-2%-B/PSSNa-8 and the nanocomposite
latexesE-2%-NMG/PSSNa-3.1, E-2%-NMG/PSSNa-8 and E-2%-NMG/PSSNa-27 with time.

a2 E-2%-B/PSSNa-8 . E2%NMG/PSSNa-3.1 b
20 20
—t=0
= 10 —t=0
= = g —t=1h
S o : " | ——t=23h 3 _ ;
3 10 20 0 ; . o Tt
0 = Y 5 10 15 20 ——t=5days
-10
20 Height (mm)
Height (mm)
-20
C
30 4 E-2%-NMG/PSSNa-8 30 1 E-2%-NMG/PSSNa-27 d
20 - 20 4
_ 10 —t=0 = 10 -0
= —t=1h S =—t=1h
= o
< 0 : - . ——t=23h 4 0 ——t=23h
D 5 10 15 ——t=5days 5 10 —t=5 days
-10 - Height (mm) -10 Height (mm)
20 -20 -

Figure 20. Turbiscan® stability analyses of the nanocomposite latexess a-E-2%-B/PSSNa-8, b-E-2%-
NMG/PSSNa-3.1, c-E-2%-NMG/PSSNa-8 and d-E-2%-NMG/PSSNa-27.
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To conclude, the nanocomposite latexes synthetized in the presence of NMG/PSSNa present a
low weight percentage of NMG and the diameter of the polymer particles formed does not
exceed 180 nm. But these nanocomposites present an excellent stability after five days at
room temperature and during the polymerization, no destabilization of the NMG platelets is
observed due to the low mobility of the polyelectrolyte in the aqueous phase compared with
SDBS.

In order to increase the weight percentage of NMG is the suspensions and increase the
polymer particles size, a copolymer (PSbPEO 1030, M,= 236 000 mol™) is used for in situ
emulsion polymerization. This copolymer has a high molar mass and consequently a lower
molecular mobility in the aqueous phase.

5. In situ emulsion polymerization with NMG/PSbPEO 1030 suspensions

Using PSbPEO copolymer as a stabilizer for polymerization in dispersed media has been
widely studied in the literature [25][26]. Berger et al. used PSbPEO as an emulsifier in
emulsion polymerization with styrene and methyl methacrylate [27] and obtained particles
diameter from 50 to 300 nm, depending on the polymerization temperature. In literature the
CMC of PSbPEO 1030 is reported to be 5.6 g L™ [28]. At this concentration, the copolymer
begins to form micelles. This CMC will increase in the presence of NMG platelets.

Nucleation mechanism in the presence of a copolymer is different than in the presence of a
surfactant. Mura et al. [29] showed that particle size increases with conversion by diffusion of
the monomer into the growing latex particles but also by partial flocculation. This partial
flocculation is attributed to the low migration rate at the interface. This migration rate should
allow a better suspension of the NMG platelets during polymerization. Moreover,
macromolecular stabilizers diffuse slower than their molecular homologues and form denser
adsorbed layer at interfaces [30]. Furthermore, the adsorption of amphiphilic macromolecules
at interfaces, contrary to that of molecular surfactants is kinetically irreversible. This property
may strongly modify the stability of monomer emulsions regarding ageing or dilution. This
strong and dense adsorption may also limit the possibilities of mass transfer between the inner
parts of droplets and the continuous phase, which could alter the kinetics of some
polymerization reactions.

Here, two NMG suspensions containing PSbPEO or PSbPEO 1030 were available. The main
characteristics of these two suspensions are summarized in Table 10. However, due to the low
concentration of NMG in the NMG/PSbPEO 1010 suspension, this suspension could not be
used for in situ polymerization. In the following, PSbPEO will be used in most of the time to
designate the PSbPEO 1030 block copolymer.
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Table 10. Main characteristics of NMG/PSbPEO1010 and NMG/PSbPEO1030 suspensions

Sample name [Copolymer] [NMG] Lateral size (nm) Lateral size (nm) Thickness (nm)

(g LY (g LY 50% (D50) 90% (D90) 90% (E90)
NMG/PSbPEO
101010 3.8 0.5 200 220 2.8
NMG/PSbPEO
1030.10 6.9 1.3 140 640 3

As a reference, a blank polymerization with PSbPEO 1030 was performed using the same
stabilizer concentration than the NMG/PSbPEO 1030-10 suspension (i.e., 7 g L™). In situ
emulsion polymerization experiments were carried out using the polymerization conditions
described in section 11.2.a. Two initiator (KPS) concentrations were used: 1%/M and 2%/M.
The resulting nanocomposites: E-2%-B/PSbPEO-7.6, E-2%-NMG/PSbPEO-6.9 and E-1%-
NMG/PSbPEO-6.9 were characterized and compared. No sedimentation of NMG platelets
was observed on the glass walls of the reactors during the polymerization. The polymerization
kinetics is plotted in Figure 21.

For blank polymerizations, full conversion is rapidly reached whereas the conversion hardly
reaches 50% for in situ polymerizations in the presence of NMG. Addition of NMG induces a
sharp decrease of the maximum conversion that levels off at about 50%. At first sight, the
decrease of the conversion can be due to the trapping of part of the radicals by NMG platelets.
However, no modification of the polymerization rate or maximum conversion with increasing
the initiator concentration was observed, meaning that the decrease of conversion might not
be linked to NMG radicals trapping. In consequence, we have no rational explanation for this
phenomenon that would deserve deeper investigations. But we might notice that the initial
polymerization rate is not affected by the introduction of NMG in the polymerization.
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Figure 21. Polymerization kinetics of the blank latex E-2%-B/PSbPEO-7.6 and nanocomposite latexes
E-2%-NMG/PSbPEO-6.9 and E-1%-NMG/PSbPEO-6.9.

145



Chapter 4 —In situ polymerization with NMG 1I..Emulsion polymerization in the presence of NMG suspensions

TEM and cryo-TEM micrographs of the blank polymerization E-2%-B/PSbPEO-7.6 and of
the nanocomposite latex E-2%-NMG/PSbPEO-6.9 are presented in Figure 22. TEM contrast
between polymer and NMG is low but in Figure 23b, few NMG platelets are visible on each
polymer bead.

Figure 22. Left: TEM picture of the blank latex E-2%-B/PSbPEO-7.6 and right: cryo-TEM picture of
the nanocomposite latex E-2%-NMG/PSbPEO-6.9.

The mean particle diameter, particles distribution and polymerization conversion are gathered
in Table 11. The number of polymer particles and NMG platelets are also determined in
order to calculate the theoretical surface coverage. TEM and DLS give a good correlation for
latex diameters. The blank experiment and the two in situ polymerizations show a similar
mean latex diameter, however a large particle size distribution is observed for all three
syntheses. This large particle size distribution can be explained by the presence of a second
latex population. As described by Hergeth et al., non-ionic surfactants and copolymers, such
as PSbPEO, are shared between the water phase and the droplets. Part of the copolymer will
be initially solubilized in the droplets and in consequence no useable for the stabilization.
When the monomer droplets are consumed, the copolymer is released and new polymer
particles are then formed [31]. This phenomenon can be visible as light grey spots into the
polymer beads on the cryo-TEM pictures (Figure 22-right). These spots correspond to the
trapping of water molecules by embedded PEO chains resulting in the formation of nanosized
water-pool domains inside the particles [32].
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Table 11. Polymer particle diameter, monomer conversion, particle number and theoretical surface
coverage for blank and in situ emulsion polymerizations performed using PSbPEO as stabilizer
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Polymer particles obtained via emulsion polymerization in the presence of NMG/PSbPEO
1030 are slightly larger than polymer particles obtained with the stabilizer PSSNa and
exhibits higher NMG weight percentages. The number of NMG platelets is higher than the
calculated number of latex particles, which is consistent with the cryo-TEM micrographs
(Figure 22-right). As a consequence, the surface coverage calculated is quite high and
conductive properties are likely expected after film-forming process.

Stability of the blank latex E-2%-B/PSbPEO-7.6 and of the nanocomposite latex E-2%-
NMG/PSbPEO-6.9 was studied over five days. Figure 23 shows pictures of the suspensions
right after polymerization and five days later. The suspension with NMG is black and seems
darker than previous composite latexes made with SDBS surfactant or PSSNa (see Figures 15
and 19). Compared to the polymerization with SDBS, similar weight percentage of NMG was
introduced in the reactor at the beginning of the polymerization: it is likely that the final
composite still counts a high NMG content. After five days, no visible destabilization was
observed while sedimentation was visible for the SDBS series: this high stability might be due
to the lower mobility of PSbPEO 1030 compared to SDBS. Moreover, the dark coloration of
the nanocomposite latex E-2%-NMG/PSbPEO-6.9 might also be due to the diameter of the
polymer particles (200 nm), which is higher than that of the nanocomposite latex E-2%-
NMG/SDBS-2.7 (70 nm), for example.
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Figure 23. Pictures showing the stability of the blank latex E-2%-B/PSbPEO-7.6 and nanocomposite
latex E-2%-NMG/PSbPEO-6.9 with time.

Turbiscan® analyses of the E-2%-NMG/PSbPEO-6.9 suspension are presented in Figure 24.
Similarly to the nanocomposite latexes E-2%-NMG/PSSNa-3.1 and E-2%-NMG/PSSNa-8,
the backscattering signal AR (%), does not vary significantly within the 5 days of analyses.
These variations are small compared to results obtained for the nanocomposite latexes
containing NMG/SDBS suspensions. These analyses confirm that there is neither
destabilization nor sedimentation for the E-2%-NMG/PSbPEO-6.9 sample.
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Figure 24. Turbiscan® stability analysis of the nanocomposite latex E-2%-NMG/PSbPEO-6.9.

The choice of PSbPEO as stabilizer during in situ polymerization allowed the formation of
polymer particles with a mean diameter of 200 nm. Cryo-TEM images showed that the latex
particles count one to several NMG platelets on their surface. A theoretical surface coverage
around 42% was reached meaning that conductive properties are expected. The
nanocomposite latex E-2%-NMG/PSbPEO-6.9 exhibits high stability and no destabilization

148



Chapter 4 —In situ polymerization with NMG I11..Miniemulsion polymerization in the presence of NMG

was observed during five days. Unfortunately, total conversion was not reached despite an
increase of the initiator (KPS) concentration.

6. Conclusions

Three different types of stabilizers: a surfactant (SDBS), a polyelectrolyte (PSSNa) and a
block copolymer (PSbPEQ) have been used for in situ emulsion polymerization. Their choice
was balanced between their ability to produce high content and stable NMG suspensions
during the NMG mechanical delamination and their mobility in the water phase, which is a
critical characteristic during polymerization. SDBS presents a high mobility in the aqueous
phase and induces a destabilization of part of the NMG platelets during the polymerization
process. By decreasing the SDBS content just below the CMCg,p, almost full conversion
(90%) was reached and composite latex particles of 228 nm mean diameter with high
theoretical surface coverage (r =19.3) were produced. Unfortunately NMG/SDBS

latexes exhibited low stability and sedimentation was observed within five days. Latexes
obtained from NMG/PSSNa present a low NMG weight percentage (note that NMG/PSSNa
suspensions initially exhibit low NMG content after delamination step). In addition the
diameter of the latex particles hardly reached 180 nm, which is small and does not favor the
creation of armored structures (NMG diameter is about 50 nm). On the other hand, these
composite latexes showed no destabilization of NMG platelets during polymerization,
probably due to the low mobility of PSSNa in the aqueous phase compared to SDBS. In
addition, these latexes showed excellent stability within five days at room temperature. At
last, a polymeric stabilizer, PSbPEO1030, was used. The final composite latexes showed high
NMG content and no destabilization neither during polymerization nor within five days.
Based on the theoretical surface coverage calculated, two latexes should exhibit conductive
properties after film-forming, E-2%-NMG/SDBS-1.7 and E-2%-NMG/PSbPEO-6.9. As a
perspective, it has been shown that mobility of stabilizer and reactivity of initiator are key
parameters to efficiently conduct the in situ emulsion polymerization process.

coverage

To overcome the problem of surfactant mobility in the aqueous phase and prevent
destabilization of the NMG platelets during the polymerization, miniemulsion polymerization
can be adequate. In this polymerization mechanism, polymerization within the monomer
droplets is favored and with condition that the “NMG/surfactant” complex is effectively
adsorbed on the surface of the monomer droplets, there will be less transport phenomena
(surfactant, NMG or the two) involved in this process, which should warrant a better colloidal
stability during the nucleation step. To favor such mechanism, several experimental
conditions have to be fulfilled.

III. Miniemulsion polymerization in the presence of NMG

1. Generalities on miniemulsion polymerization
The idea of miniemulsion polymerization is to initiate the polymerization in each of the small
stabilized droplets meaning that there is ideally neither micelles nor need for monomer
transport through the aqueous phase. Miniemulsion polymerization has gained significant
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importance with extensive studies in research disciplines such as medical, pharmaceutical and
chemical fields due to the unique characteristics of this method in comparison to the other
dispersed systems [33]. This recent synthesis route was first reported by Ugelstad et al. in
1973. It was demonstrated that the polymerization could be initiated in the monomer droplets
when the droplets reach a sufficiently small size [22]. Miniemulsion polymerization induces
the formation of particles who are about the same size as in emulsion polymerization, (i.e.,
between 50 and 500 nm in diameter), but which are obtained with a different mechanism.

Miniemulsion droplets are formed at high shear with high-energy shear devices, as for
example ultrasound, ultraturax probe or high-pressure homogenizer. To create stable
emulsions of very small droplets, which are called miniemulsions, the droplets must be
stabilized against molecular diffusion degradation (i.e., Ostwald ripening) and against
coalescence by collisions. Coalescence can be prevented using ionic or non-ionic surfactants.
In miniemulsion, the fusion-fission rate equilibrium during sonication, and therefore the size
of the droplets directly after primary equilibration, depends on the amount of surfactant. For
instance, Reimers et al. showed that the final particle size decreases with an increase of the
surfactant concentration [34]. Oswald ripening refers to the monomer migration from small
droplets to bigger ones resulting in an increase of the mean droplet size. This phenomenon
can be limited by adding a highly hydrophobic agent or osmotic pressure agent with a weak
solubility in water [35]. For miniemulsion to achieve an equilibrium state, the osmotic
pressure inside the droplet needs to be higher than the Laplace pressure (pressure difference
between two fluids separated by a common interface) [36]. The presence of an hydrophobe
(also called co-stabilizer) hinders the diffusion of monomer from a droplet to another,
therefore the polymerization is confined in each droplet and finally one droplet leads to one
latex particle. A hydrophobe is usually a long alkene chain compound. Hexadecane [37] and
cetyl alcohol [38] are typical examples of hydrophobes that are used in miniemulsion. The
addition of hydrophobe in miniemulsion is vital to curb the collapse of monomer droplets by
Ostwald Ripening [39].

After the formation of the miniemulsion droplets, the vast majority of the droplets are
nucleated, so that the ratio between the initial number of droplets and the final number of
particles is close to one [40]. Ideally, droplet nucleation is the unique mechanism of particle
formation in miniemulsion [41]. This critical difference means that miniemulsion will behave
differently from a kinetic point of view. In addition, we can imagine that the properties
obtainable with this type of system will be different, for instance the incorporation of
hydrophobic components or the encapsulation of inorganic solids in the final polymer might
be more efficient in miniemulsion processes [42].

Figure 25 details the envisioned miniemulsion polymerization mechanism in the presence of
NMG platelets. The whole “NMG/surfactant” complex is expected to migrate to the surface
of the monomer droplets created during the sonication step to form NMG-armored droplets
that will be converted further into NMG-armored latexes.
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Figure 25. Envisioned miniemulsion polymerization mechanism in the presence of NMG platelets.

Recently, this polymerization process was developed in the presence of GO particles to
produce polymeric nanocomposite materials [43] [44]. In most of these works, GO sheets are
used as the sole surfactant [45] due to its capacity to stabilize the monomer droplets. But the
resulting nanocomposite latexes did not remain stable after GO reduction. As a consequence,
it turns out that there is no report in the literature describing the synthesis of stable graphene
(or rGO)-based nanocomposite latexes with good electrical properties through miniemulsion
polymerization.

In the following, in situ miniemulsion polymerizations in the presence of NMG/SDBS and
NMG/PSbPEO suspensions are presented. The impact of the surfactant or stabilizer nature
and concentration on the final dimensions of the polymer particles is discussed.

2. Experimental part

In a typical in situ miniemulsion polymerization procedure, 20g of the NMG suspension is
mixed with 2 g of a mixture of styrene and butyl acrylate monomers (50/50%wt) and 0.04g of
a hydrophobe (Hexadecane). This mixture is sonicated with an ultrasonic probe at 60% of
amplitude until the diameter of the droplets remains stable. After each minute of sonication,
the droplet diameter is measured by DLS and this operation is repeated until there is no
variation of the droplet diameter. The mixture is then degased under nitrogen during 30
minutes. In parallel, the initiator (KPS, 1 wt%/monomers or 2 wt%/monomers) is dissolved in
water and degased under nitrogen. These two mixtures are then introduced in the 50 mL
polymerization reactor and the polymerization starts when the temperature reaches 70°C. The
agitation is performed by an anchor blade. At the end of the polymerizations, the latexes are
characterized as described in the part 11.2.b.

For the polymerizations without NMG, also named blank experiments, the 20 g of NMG
suspensions are replaced by 20 g of deionized water and a certain amount of surfactant (the
concentration is fixed to be the same than for the syntheses with NMG/surfactant
suspensions). Table 12 details the experimental conditions for each NMG/stabilizer
suspensions used for in situ miniemulsion polymerization. Each polymerization sample was
named according to the convention defined in section 11.2. Only 2%/M of KPS was used in
this part, hence, the percentage of initiator does not appear in the name of the experiment.
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The NMG suspensions used for in situ miniemulsion polymerizations are also detailed in
Table 12. Note that the NMG/PSSNa-5 and NMG/PSSNa-10 suspensions were not used in
this part due to their low NMG content.

Table 12. Experimental conditions for in situ miniemulsion polymerizations with NMG/SDBS or

NMG/PSbPEO suspensions.

Experiment name NMG suspension [(I\gll '\ﬂ?)] [Stébﬂ_llz)er] I?c:/f,l/?\;o)r
mE-B/SDBS-2 - 0 2 2
mME-NMG/SDBS-0.3 NMG/SDBS-5-dial 0.8 0.3 2
mME-NMG/SDBS-1.7 NMG/SDBS-5-U.C 3.9 1.7 2
ME-NMG/SDBS-2.7 NMG/SDBS-5 2.4 2.7 2
mE-B/PSbPEO-7 - 0 7 2
mME-NMG/PSbPEO-7  NMG/PSbPEO 1030 22 7 2

3. In situ miniemulsion polymerization with NMG/SDBS suspensions

In situ miniemulsion polymerizations with NMG/SDBS suspensions were carried out using
the experimental conditions described in section 111.2. In miniemulsion polymerization, the
complex formed by the NMG platelets and adsorbed surfactant molecules is expected to
adsorb at the monomer/water interface during the ultrasonication step. As a consequence, a
lower destabilization of NMG platelets during the polymerization should be achieved.

For the sake of comparison, a blank experiment was carried out using roughly the same
surfactant concentration as for the in situ miniemulsion polymerization experiment mE-
NMG/SDBS-1.7 (i.e., 2 g L™). The other samples contain various NMG and SDBS
concentrations (see Table 12). As before, the latexes were characterized by DLS and TEM
and their kinetics followed by gravimetric analysis. Interestingly enough, all miniemulsions
were stable and there was no destabilization of the NMG platelets observed in the course of
the polymerization, in agreement with the above-depicted mechanism.

The polymerization kinetics of mE-B/SDBS-2, mE-NMG/SBDS-2.7, mE-NMG/SDBS5-0.3
and mE-NMG/SDBS-1.7 are presented in Figure 26 and can be qualitatively discussed as
follow. For the blank polymerization, a total conversion is promptly obtained. For mE-
NMG/SBDS-1.7, that has the same SDBS content, the addition of NMG platelets induces a
decrease of the total conversion. This decrease can be due to the trapping of part of the
radicals by the NMG platelets, as described for in situ emulsion polymerization. In addition,
previous analyses of in situ emulsion polymerization results (see section 11.3.b) demonstrated
that a decrease in surfactant concentration induces the NMG platelets to be less covered with
surfactant and as a consequence, surface oxygen-groups and/or structure defects are more
accessible to trap free radicals. This is consistent with the polymerization mE-NMG/SDBS-
1.7. This sample shows lower SDBS content and higher NMG content than the mE-
NMG/SDBS-2.7 sample. Both the polymerization rate and final conversion are reduced in this
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case. Finally, the polymerization kinetics of mE-NMG/SDBS-0.3 lies in between the two
others. This behavior is the results of two antagonist effects. Indeed, on the one hand, the
NMG/SDBS-5 dialysis suspension counts a low SDBS content compared to the two other
suspensions. This would lower the surfactant coverage on NMG and so increase the number
of sites per NMG for radical trapping. On the other hand, the NMG/SDBS-5-dialysis
suspension also counts a low NMG content that would reduce the total concentration of sites
for radical trapping compared to NMG/SDBS-5.
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Figure 26. Polymerization kinetics for the blank latex mE-B/SDBS-2, and for the nanocomposite
latexes mME-NMG/SDBS-0.3, mE-NMG/SDBS-1.7 and mE-NMG/SDBS-2.7.

Figure 27 and 28 show cryo-TEM pictures of the nanocomposite latexes. Only few NMG
platelets are visible around the bigger latex particles on Figure 27, which corresponds to
samples containing low NMG contents. Due to the flexibility of NMG, the platelets seem
wrapped around the latex beads.
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Figure 27. Cryo-TEM images of the nanocomposite latexes mME-NMG/SDBS-0.3 (left) and mE-
NMG/SBDS-2.7 (right). [KPS]=2 wt%/monomers and [Hexadecane]=4 wt%/monomers

The number of NMG platelets seems larger for the mE-NMG/SDBS-1.7 sample (Figure 28),
which is consistent with the fact that a higher concentration of NMG platelets was used in this
experiment.

Figure 28. Cryo-TEM images of the nanocomposite latex mME-NMG/SBDS-1.7.
[KPS]=2 wt%/monomers and [Hexadecane]=4 wt%/monomers

The droplet size, the polymer particles size and the theoretical surface coverage of this series
of experiments are reported in Table 13.

As said above, stable miniemulsion droplets were obtained in all cases. They were larger than
in the blank experiment without graphene but their mean DLS diameter was not influenced by
the NMG or surfactant concentrations. For all the experiments, the polymer particle diameter
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was lower than the monomer droplet diameter. This decrease of the polymer particle diameter
suggests the occurrence of secondary nucleation leading to a decrease of the polymer particle
size. This decrease in size is larger in the presence of NMG platelets. Moreover, the mean
polymer particle diameter is of the same order of magnitude as that of the composite latexes
obtained by in situ emulsion polymerization under similar conditions.

The theoretical surfaces coverages reported in Table 13 indicate that only the mE-
NMG/SDBS-1.7 nanocomposite latex should exhibit conductive properties after film-
formation. In this case, the number of NMG platelets is higher than the number of latex
particles in agreement with the cryo-TEM micrograph of Figure 28 and the surface coverage
is high (i.e., 37%).

Table 13. Polymer particle diameter, monomer conversion, particle number and theoretical surface
coverage for blank and in situ miniemulsion polymerizations performed using SDBS as surfactant.

Experiment Droplets DLS TEM Conver- NMG
diameter D D : - N Niatex
name (nm) (nn:) Poly (nTI’ITESI sion (%) (g L 1) NMG late T coverage
mE-B 132 104 0.1 - 100 0 0 - -
/SDBS-2
mE-NMG 214 134 003 112 65 08 5410 8710% 6.2
/SDBS-0.3
mME-NMG 205 127 0.08 140 50 39 2610° 7910 371
/SDBS-1.7
mME-NMG 204 90 0.06 105 85 24  1.610° 3810 95
/SDBS-2.7

The stability of these composite latexes was also studied (Figure 29).

After five days, a small dark deposit is visible at the bottom of the tube for all composite
samples and a slightly lighter grey suspension is also visible at the top of the tube. The change
in grey shade is stronger when the NMG content increases, however the supernatant remains
grey, which means that some NMG platelets remain in this phase. The nanocomposite mE-
NMG/SDBS-1.7 seems to be less stable due to a stronger change in gray shade of the
supernatant. This observation would be consistent with the fact that this sample contains a
high concentration of NMG but a low concentration of surfactant.
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Figure 29. Pictures showing the stability of the blank latex mE-B/SDBS-2 and nanocomposite latexes
mE-NMG/SDBS-0.3, mE-NMG/SDBS-1.7 and mE-NMG/SDBS-2.7, with time.

The results of the Turbiscan® experiments are plotted in Figure 30. As expected, the blank
sample is stable over time (Figure 30a). For nanocomposite latexes samples, a decrease of the
backscattering intensity at the bottom of the samples is visible which can be attributed to
sedimentation. Note that sample mE-NMG/SDBS-0.3 in Figure 30b, shows very low
variations in the backscattering signal. This may be due to the fact that this sample comprises
very low content of NMG. An increase of the backscattering signal at the middle and at the
top of the tubes can be explained by a different sedimentation rate of each particle present in
the samples (Figures 30c, 30d). The free latex particles do not sediment while some of the
NMG platelets fall down (light absorbers) as well as latex particles (partially) covered with
platelets. As a consequence, the top of the cylinder absorbs less and thus scatters more. In
addition, the particles fall down at different rates depending on their density, which account
for variations in the slopes of the curves.
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Figure 30. Turbiscan® stability analyses of the nanocomposite latexes synthetized by in situ
miniemulsion polymerization using SDBS as surfactant.

To conclude on in situ miniemulsion polymerizations with NMG/SDBS suspensions, a
decrease of the surfactant concentration allowed an increase of the mean polymer particle
diameter. But it also induced a sharp decrease of the total conversion, which is likely related
to both the surfactant and the NMG concentration. Compared to in situ emulsion
polymerization, there is no increase of the mean polymer particle diameter and no
improvement of shelf stability; however less NMG destabilization during polymerization is
visible. The sample mE-NMG/SDBS-1.7 shows a theoretical surface coverage that should be
large enough to exhibit conductive properties after film formation.

In order to increase the mean latex diameter, in situ miniemulsion polymerization was
performed with NMG/PSbPEO 1030 suspensions. As already mentioned, no miniemulsion
polymerization experiments were carried out with the NMG/PSSNa suspension due to their
low NMG concentration.

4. In situ miniemulsion with NMG/PSbHPEO 1030 suspensions

PSbPEO block copolymers can also be used as stabilizers in miniemulsion polymerization.
Such copolymers enable forming larger polymer particles, compared with surfactants. In fact,
it is well known that steric stabilizers (PSbPEQO) induce the formation of bigger polymer
particles than electrostatic stabilizers (SDBS). Moreover, because of their larger mass,
polymeric stabilizers diffuse much slower than low molar mass surfactants, and are
consequently less prone to desorb from interfaces, which may favor droplets formation and
stabilization.
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In situ miniemulsion polymerization was carried out using the same NMG/PSbPEO1030-10
suspension utilized in the emulsion polymerization part (section 11.5), and compared to a
blank polymerization performed under similar conditions using 7 g L™ of stabilizer (see Table
12). Once again, no destabilization of the NMG platelets was observed during droplet
formation or in the course of polymerization, which points to the specific nucleation
mechanism of this in situ miniemulsion polymerization process.

The polymerization Kkinetics of the blank experiment mE-B/PSbPEO-7 and mE-
NMG/PSbPEO-7 are plotted in Figure 31. For the blank experiment, a total conversion is
reached. On the contrary, the addition of NMG platelets induces a decrease of the
polymerization rate after one hour of polymerization resulting in a maximal conversion of
50% after 7 hours. As for in situ emulsion polymerization this sharp decrease of the total
conversion might be due to the trapping of part of the radicals by the NMG platelets. This
radical capture will be favored in miniemulsion, compared with emulsion polymerization,
because the NMG platelets are located at the monomer/water interface since the beginning of
the polymerization, and are thus highly accessible to waterborne radicals. In other words, the
NMG armor can act as a physical barrier for radical entry, limiting thereby the monomer
conversion. Using an organosoluble initiator which will generate radicals inside the droplets
can be an alternative to minimize radical trapping by the NMG platelets and increase
monomer conversion.
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Figure 31. Polymerization kinetics for the blank experiment mE-B/PSbPEO-7 and for the
nanocomposite latex mE-NMG/PSbPEO-7.

Figure 32 shows two cryo-TEM pictures of the nanocomposite latex. In these images, many
NMG platelets (pointed to by arrows) are visible around the polymer particles. The polymer
particles formed seems larger than the particles formed by in situ miniemulsion
polymerization with NMG/SDBS suspensions.

Similar light grey spots as those observed during in situ emulsion polymerization with
NMG/PSbPEO 1030, are also visible on the cryo-TEM pictures. These spots correspond to
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embedded water pool [32] domains subsequently to PEO chains entrapment in the polymer
beads (see Section 11.5).

Figure 32. Cryo-TEM pictures of the hanocomposite latex mME-NMG/PSbPEO-7.

The mean particle diameter and particle size distribution were characterized by DLS and
TEM, which allowed determining the numbers of NMG and polymer particles and the
theoretical surface coverage (Table 14).

For the blank experiment, a small increase of the latex diameter is observed between the
beginning and the end of the polymerization. It demonstrates that the PSbPEO copolymer did
not manage to efficiently stabilize the droplets during polymerization. In addition, the particle
size distribution is broad (as indicated by the high Poly value), which confirms that PSbPEO
1030 is not a good stabilizer for miniemulsion polymerization. Similarly, in situ miniemulsion
polymerization with PSbPEO polymeric stabilizer provides final polymer particles with
diameters larger than the monomer droplet diameters, meaning that PSbPEO provided poor
stabilization. Even if the polymerization process was not fully following a miniemulsion
polymerization mechanism, the poor stabilization provided by PSbPEO can turn into an
advantage because it allows the formation of larger polymer particles, as needed to favor fully
armored latex particles. Finally, in situ miniemulsion with NMG/PSbPEO1030 resulted in a
final particle diameter of around 300 nm and a high NMG weight percentage. Hence, the
number of NMG platelets was ten times larger than the number of latex particles, which is
consistent with the high number of NMG visible on the TEM images. A theoretical surface
coverage of 62% was reached, that should lead to conductive properties after film-formation.
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Table 14. Polymer particle diameter, monomer conversion, particle number and theoretical surface
coverage for blank and in situ miniemulsion polymerizations performed using PSbPEO as stabilizer.

Experiment Droplets DLS TEM Conver- NMG
diameter ~— p D : Nanve  Niatex 7
name h TEM sion (% -1 coverage
(nm) (nm) Poly (nm) ( 0) (g L )

mE-B
PSbPEO-7 2 460 0.4 - 100 0 0 ; ]
ME-NMG 14 13
IPSHbPEO-7 250 300 0.3 285 50 2.2 5410 6 10 62

Figure 33 shows digital photographs of the blank and of the composite latex right after
polymerization and five days later.

mE-B/PSbPEO-7 mE-NMG/PSbPEO-7

Figure 33. Pictures showing the stability of the blank latex mE-B/PSbPEO-7 and of the
nanocomposite latex mE-NMG/PSbPEO-7 synthetized by miniemulsion polymerization, as a function
of time.

No destabilization of the blank latex is visible on these pictures. A slight change of grey shade
is observed for the composite sample but no sedimentation could be identified by the naked
eye. These visual observations were confirmed by Turbiscan® measurements (Figure 34). For
the blank latex, a sedimentation phenomenon is clearly visible on the left hand side of Figure
33. This sedimentation can be due to the size of the polymer particles, which will naturally
form a sediment. For the composite latex, the decrease of the backscattering intensity in the
bottom of the cylinder indicates the formation of a small sediment.

It is noteworthy mentioning that the stability of the composite latex obtained using PSbPEO
as stabilizer is higher than that of the latexes formed with NMG/SDBS suspensions, as
evidenced by the lower backscattering variations, AR (%), in the bottom of the cylinder.
Indeed the latter reached only -5% while it reached up to - 15 % for SDBS (see Figure 30c).
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Figure 34. Turbiscan® stability analyses with time of the blank and nanocomposite latexes
synthetized by in situ miniemulsion polymerization using PSbPEO 1030 as stabilizer.

To sum up, in situ miniemulsion polymerization in the presence of NMG/PSbPEO
suspensions allowed forming large polymer particles, with a mean diameter of 300 nm.
Unfortunately the final conversion was limited to c.a. 50% after 7 hours. The composite latex
presents a better stability than the composite latex obtained with NMG/SDBS suspensions and
a high theoretical surface coverage, which should give rise to conductive properties after film-
formation.

5. Conclusions

To conclude, in situ miniemulsion polymerizations were performed in the presence of NMG
suspensions stabilized by SDBS, or by PSbPEO1030 block copolymer. Compared to
conventional emulsion polymerization, the advantage of the miniemulsion polymerization
mechanism is to avoid destabilization of the NMG platelets during the polymerization
process. The polymer particles formed in the presence of NMG/SDBS suspensions have a
small diameter and the polymerization showed limiting conversions. The mE-NMG/SDBS-
1.7 latex presents a high theoretical surface coverage and can induce conductive properties
after film formation. As an alternative, in situ miniemulsion polymerization was also realized
in the presence of NMG/PSbPEO suspensions. This polymeric stabilizer does not stabilize
well the miniemulsion and as a consequence creates larger polymer particles. The composite
latex formed presents larger polymer particles diameter, 300 nm, and a good stability but
again a full conversion was not reached. The surface coverage of this nanocomposite is
theoretically sufficient to obtain electrical properties. In order to solve the problem of limiting
conversion, organosoluble initiators might be used as a perspective of this work.

As an alternative to emulsion and miniemulsion polymerizations, we used dispersion
polymerization. Dispersion polymerization is known to produce polymer particles with rather
large diameters between hundreds of nanometers to several microns. The specific
experimental conditions of dispersion polymerization process are described hereafter. Then in
situ dispersion polymerizations in the presence of NMG suspensions are presented. A careful
examination of the literature shows that there is no report on in situ dispersion polymerization
in the presence of graphene particles.
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IV. Dispersion polymerization in the presence of NMG

1. Generalities on dispersion polymerization
Dispersion polymerization was first developed by Osmond et al. in the 1960’s. This process
was originally dedicated to the paint industry. The mechanism of dispersion polymerization
has been studied by two main authors, Lock et al. and Paine et al. [46]. In dispersion
polymerization, the monomer and the initiator are both soluble in the polymerization medium;
the medium is chosen to be a poor solvent for the resulting polymer. Accordingly, the reaction
mixture is homogeneous at the onset, and the polymerization is initiated in homogeneous
solution. Depending on the solvency of the medium for the resulting macroradicals and
macromolecules, phase separation occurs at early stage. This leads to nucleation and the
formation of primary particles. Primary particles thus formed in dispersion polymerization are
swollen by the polymerization medium and/or the monomer.

Dispersion polymerization requires generally four components: a solvent (for monomer but
precipitating the polymer), monomers, an organosoluble initiator and a steric stabilizer. The
initial medium formed by these components is homogeneous. The stabilizer is generally a
graft copolymer adsorbed at the particle surface and that prevents their aggregation. The
particle stabilization in dispersion polymerization is usually referred to as “steric
stabilization”, as compared with ionic emulsifiers or charge stabilization in emulsion
polymerization. Good stabilizers for dispersion polymerization are polymers and oligomeric
compounds with a low solubility in the polymerization medium and a moderate affinity for
the polymer particles. For dispersion polymerization in alcohols and other polar solvents, a
wide range of polar organic polymers such as polyvinylpyrrolidone (PVP), poly (vinyl
alcohol) (PVA) and cellulose derivatives, have been used [47] [48]. In many examples [49],
the stabilizer is grafted onto the surface of the polymer particles in situ during the
polymerization process.

The dispersion polymerization mechanism is detailed in Figure 35. First, the decomposition of
the initiator generates primary radicals. These radicals grow in the continuous phase by the
addition of monomers units until they reach a critical chain length where they precipitate to
form nuclei. These nuclei or primary particles aggregate with each other and adsorb stabilizer
at the same time to finally obtain stable mature particles. As long as enough mature particles
are formed to capture all the oligo-radicals and nuclei, new particles will not be formed. The
existing particles continue to grow by capturing nuclei and the oligo-radicals, which will
either continue to polymerize inside the particles or terminate with other radicals. At the end
of the polymerization, sterically stabilized particles with a mean diameter comprised between
500 nm and 20 um, are obtained. [50]
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Figure 35. Scheme of the dispersion polymerization mechanism.

Dispersion polymerization in either polar or non-polar solvents has been widely studied.
Polymerization in polar media usually involves alcohol/water mixtures, which allows the
polymerization of various monomers in the presence of steric stabilizers such as
hydroxypropyl cellulose, poly(acrylic acid), poly(vinylmethylether) or poly(vinylpyrrolidone)
(PVP) [49]. Among them, PVP has been extensively reported [51]. This stabilizer allows
forming polymer particles with diameters in the range 1-10 pm depending on the monomer
and solvent polarity. Table 15 summarizes the range of particle diameter obtained (depending
on the solvent polarity) for the three main monomers used in this thesis.

Table 15. Range of polymer particles size obtained during dispersion polymerization of styrene, butyl
acrylate or a 50/50 (wt/wt) mixture of styrene and butyl acrylate using PVP as a steric stabilizer in
polar media of various polarities.

Polymer particle

Reference Monomer diameter
[46] Styrene 1.2-7.4 ym
[52] Butyl acrylate 0.3-9.7 um

[53][54] Styrene and butyl acrylate (50/50 wt/wt) 0.6-4.9 um

Many parameters can influence the size and size distribution of latex particles synthetized by
dispersion polymerization. The solvent polarity can have a strong influence on the particle
diameter, size distribution, the polymerization kinetics and the molar mass of the latex
particles [55]. The monomer concentration, stabilizer concentration and its molar mass can
also influence the size and size distribution of the particles [46][56]. For instance, Bamnolker
et al. showed that increasing the PV/P chain length from 10,000 to 360,000 g mol™, resulted in
an increase of the particle size distribution during dispersion polymerization of styrene in a
70/30 wt/wt ethanol/methoxyethanol mixture [57].

Given the large number of parameters that can influence the particle size and the size
distribution in dispersion polymerization, we have conducted a preliminary study in order to
determine the optimized parameters (temperature, solvent composition, stabilizer
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concentration and proportion of each monomers) leading to the formation of polymer particles
with a mean diameter around 1 pum. Then, using these optimized conditions, in situ dispersion
polymerization will be performed in the presence of the NMG/PVP suspensions presented in
Chapter 2. As previously described in Chapter 2, PVP allows the formation of highly
concentrated NMG suspensions and is therefore a good stabilizer of multilayered graphene in
water or in ethanolic solutions, as we shall discuss later.

2. Preliminary study

a. Experimental procedure
In a typical blank experiment, the stabilizer (P\VVPk30) is dissolved in a mixture of ethanol and
water (20 g) and the solution is degased under N». In parallel, a mixture of styrene (1g), butyl
acrylate (1g) and the organosoluble initiator (AIBN, 0.04 g, 2%/M) is degased under N,. The
two solutions are introduced in a 50 mL polymerization reactor equipped with a condenser, a
nitrogen purging tube and a mechanical stirrer. The polymerization is performed at a
temperature of 70°C or 80°C with a rotation speed of 200 rpm for 24 hours.

The experimental conditions of all blank emulsion polymerization experiments are
summarized in Table 16. The samples were named according to the following convention
with each segment of information separated by a slash or a dash. Segment 1: type of
polymerization process (D for dispersion), segment 2: composition of the ethanol/water
mixture, segment 3: polymerization temperature, segment 4: type of polymerization (B for
blank experiment), segment 5: type of surfactant or stabilizer and segment 6: initial surfactant
concentration (g L™). This nomenclature will be used only for the blank experiments.

Table 16. Experimental conditions of all blank dispersion polymerizations performed in this study using PVPk30
or PSbPEO 1030 as steric stabilizers.

Experiment name Ethanol/water Tempoeratu re Type_ of [Stabilﬁlzer]
(wt/wt) (°C) stabilizer (L™
D-90/10-80°C-B/PVP-10 90/10 80 PVPK30 10
D-80/20-80°C-B/PVP-10 80/20 80 PVPk30 10
D-70/30-80°C-B/PVP-10 70/30 80 PVPk30 10
D-80/20-70°C-B/PVP-10 80/20 70 PVPK30 10
D-80/20-80°C-B/PVP-15 80/20 80 PVPk30 15
D-80/20-80°C-B/PVP-25 80/20 80 PVPk30 25
D-80/20-80°C-B/PShPEO-15 80/20 80 PSbPEO 1030 15

In the following, the influence of solvent polarity, polymerization temperature and nature and
concentration of stabilizer on the polymerization kinetics and on the final polymer particle
size will be successively studied. The monomer to polymer conversion was determined by
gravimetric analysis whereas the particle size and particle size distribution were determined
using the Mastersizer 3000 instrument from Malvern. This instrument uses the technique of
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laser diffraction which is based on the principle that particles passing through a laser beam
will scatter light at an angle that is directly related to their size: large particles scatter at low
angles, whereas small particles scatter at high angles. The laser diffraction is accurately
described by the Fraunhofer Approximation and the Mie theory, with the assumption of
spherical particle morphology. The measurable size ranges from 50 nm to 1000 pm.

b. Influence of solvent composition

The nature of the solvent, and particularly its polarity, can affect the critical degree of
oligomer precipitation and adsorption rate and consequently influence the particle diameter,
size distribution, polymerization kinetics and molar mass of the latex particles [55]. In this
section, the effect of the ethanol/water composition was studied by varying the water content
from 10 to 30 wt% using the experimental conditions detailed in Table 16 ([PVPk30]=10g L"
! and T=80°C). The conversion versus time curves of Figure 35 show that the polymerization
rates increases with increasing water content. The final conversion was not impacted and
reached 80% independently of the solvent composition. Increasing the water content also
decreased the polymer particle diameter and the particle size distribution. These effects are
due to the influence of the solvent polarity on the precipitation rate of oligomers [50]. In fact,
increasing the water content leads to a decrease of the length of the critical chain jgi: for
oligomer precipitation. So, the number of nuclei formed is higher and the final particles
smaller [58]. In order to obtain polymer particles with a mean diameter around 1um and a
narrow particle size distribution, a 80/20 (wt/wt) ethanol/water mixture will be used in the
following dispersion polymerization experiments.
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Figure 36. Effect of solvent composition on the polymerization kinetics and polymer particle diameter
for blank dispersion polymerization experiments D-70/30-80°C-B/PVP-10, D-80/20-80°C-B/PVP-10
and D-90/10-80°C-B/PVP-10.

c. Influence of temperature
The temperature of polymerization affects the decomposition rate of the initiator, the
propagation rate and solvent polarity. Two reaction temperatures, 70°C and 80°C, were
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compared for a fixed ethanol/water composition of 80/20 (wt/wt) under otherwise the same
experimental conditions as those used in the previous section. Figure 37 shows that the
polymerization rate increases with increasing temperature, as expected. Indeed, increasing
temperature leads to an increase of the initiator decomposition rate and to an increase of the
solvency of the reaction medium. This last effect will induce an increase of the critical chain
length for oligomer precipitation, and thus a decrease in the concentration of precipitated
chains. As a result, the particle size increases with increasing temperature [59] as shown on
the right side of Figure 37.
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Figure 37. Effect on temperature on the polymerization kinetics and particle diameter for blank
dispersion polymerization experiments D-80/20-70°C-B/PVP-10 and D-80/20-80°C-B/PVP-10.

Despite a small increase of the particle size and size distribution with increasing temperature,
all following dispersion polymerization experiments will be carried out at 80°C as it allows
increasing the reaction rate.

d. Influence of the stabilizer concentration
The nature of the stabilizer and its concentration can have an effect on the polymer particle
diameter and the polymerization kinetics [50]. According to the literature, the effect of the
stabilizer concentration on particle size is not very important. For instance, Shen et al. [60]
reported that increasing the PVVP concentration increases the viscosity of the continuous phase
and the rate of PVP adsorption which should reduce aggregation and decrease particle size.

We have plotted in Figure 38 the polymerization kinetics and the final particle size of three
dispersion polymerization experiments performed using three different PVPk30
concentrations under otherwise identical polymerization conditions (i.e. 80°C and
ethanol/water 80/20 wt/wt). It clearly appears that there is no effect of the PVP concentration
on the polymerization kinetics and the polymer particle diameter.
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Figure 38. Effect of PVPk30 concentration on the polymerization kinetics and particle diameter for
blank dispersion polymerization experiments D-80/20-80°C-B/PVP-10, D-80/20-80°C-B/PVP-15 and
D-80/20-80°C-B/PVP-25.

To conclude, the PVPk30 concentration, which will vary between each NMG suspensions in
further experiments, should not significantly influence the polymerization kinetics and the
polymer particle size.

e. Influence of the type of stabilizer
In this section, PVPk30 was compared to PSbPEO1030 block copolymer. To do so, two
dispersion polymerization experiments were carried out under exactly the same conditions, at
80°C in a 80/20 (wt/wt) ethanol/water mixture. The stabilizer concentration was fixed at 15 g

L. Figure 39 shows the polymerization kinetics and polymer particle diameter for both
experiments.
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Figure 39. Effect of the nature of the stabilizer on the polymerization kinetics and particle diameter
for blank dispersion polymerization experiments D-80/20-80°C-B/PSbPEO-15 and D-80-80°C-
B/PVP-15.
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While there is almost no effect of the nature of the stabilizer on the polymerization kinetics,
the PSbPEO1030 block copolymer gives much smaller polymer particle sizes than PVPk30
under the same conditions. The final particle diameter (i.e. around 100 nm) is in agreement
with the literature [61].

In conclusion, based on this preliminary study, a 80/20 (wt/wt) ethanol/water mixture and a
polymerization temperature of 80°C will be used in the further experiments in order to obtain
polymer particles with a mean diameter around 1 um. Moreover, it was demonstrated that the
stabilizer concentration should not influence the polymer particle diameter and that the
PSbPEO block copolymer is not adapted to form large latex particles under dispersion
polymerization conditions.

3. NMG suspensions stabilized by PVPk30

a. Experimental procedure

Two NMG/PVPK30 suspensions with different PVPk30 concentrations (NMG/PVPk30-5 and
NMG/PVPk30-10) have been prepared by mechanical delamination in water (see chapter 2)
and will be used for in situ dispersion polymerization in this section. As the solvent of these
suspensions was water, a solvent exchange must be performed first in order to disperse the
NMG platelets in a mixture of ethanol and water before in situ dispersion polymerization. To
do so, the suspensions were introduced in a dialysis tubing which was immersed in a large
volume of ethanol (95 vol%). The solvent was changed every day until the volume of the
suspension inside the dialysis tube remained constant. The final ethanol/water composition
was adjusted to 80/20 (wt/wt) by adding the required amount of water.

This solvent exchange induced an increase of the concentration of the NMG/PVPk30
suspensions but more interestingly, there were no destabilization of the NMG platelets when
water was replaced by ethanol/water 80/20 (wt/wt) indicating that PVPk30 is an efficient
stabilizer of NMG suspensions in hydro-alcoholic media. The PVPk30 and NMG
concentrations before and after solvent exchange, determined by elemental analysis, are
reported in Table 17 for both NMG/PVP suspensions.

Table 17. NMG and PVPk30 concentrations of the NMG-PVPk30 suspensions before and after
solvent exchange from water to ethanol, as determined by elemental analysis.

NMG suspensions [PVPk30] (g L™ [NMG] (g L™
Before solvent NMG-PVPk30-5 2.2 2.3
exchange NMG-PVPk30-10 4.5 1.3
After solvent NMG-PVPk30-5 6 9.6
exchange NMG-PVPk30-10 15.8 4.7

In situ dispersion polymerizations were then carried out using the hydro-alcoholic
NMG/PVPk30-5 and NMG/PVPk30-10 suspensions.
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In a typical in situ dispersion polymerization experiment, 20g of the ethanol/water (80/20
wt/wt) NMG/PVP suspension (NMG/PVPk30-5 or NMG/PVPk30-10) are degased under N,
for 30 minutes. In parallel, 2 g of a mixture of styrene and butyl acrylate monomers
(50/50%wt) and 0.04g of initiator (AIBN, 2wt%/M) are degased under N,. The monomer
solution is added to the NMG suspension and the mixture is introduced in a 50 mL
polymerization reactor rotating at 200 rpm. The polymerization starts when the temperature
reaches 80°C. Table 18 summarizes the polymerization conditions for these syntheses.

Each polymerization sample was named according to the convention defined in section 11.2
with an additional segment indicating the composition of the monomer mixture (Sty/BA
40/60 or 50/50).

Table 18. Experimental conditions for in situ dispersion polymerizations with NMG/PVPk30
suspensions. Ethanol/water=80/20 (wt/wt) and T=80°C

Experiment name NMG suspension  [NMG] [PVPK30]  Sty/BA

(gL?) (gL?) (wt/wt)
D-NMG/PVPk30-1.2-50/50 NMG/PVPk30-5 2.6 1.2 50/50
D-NMG/PVPk30-1.7-50/50 NMG/PVPk30-5 3.3 1.7 50/50
D-NMG/PVPk30-9-50/50 NMG/PVPk30-10 3.6 9 50/50
D-NMG/PVPk30-22-50/50 NMG/PVPk30-10 3.2 22 50/50
D-NMG/PVPk30-7.5-40/60 NMG/PVPk30-10 3 7.5 40/60

In the following, we studied the influence of the NMG and stabilizer concentration and the
monomer composition on the conversion, the polymer particle diameter and the
polymerization kinetics. At the end of the polymerization, the nanocomposite latexes were
characterized using the same techniques as before. Cryo-SEM was used in addition to the
other techniques in order to characterize the morphology of the composite particles.

b. Influence of NMG concentration
We first compared two experiments performed using similar PVPk30 concentrations and
slighly different NMG contents (D-NMG/PVPk30-1.2-50/50 and D-NMG/PVPk30-1.7-50/50
in Table 18).

As shown on Figure 40, increasing the NMG weight percentage induces an increase of the
polymerization rate and final conversion. For D-NMG/PVPk30-1.7-50/50, two families of
particle sizes are clearly visible on the particle size curves, one centered around 3.3 pm and
another around 22 um. For D-NMG/PVPk30-1.2-50/50, three populations of particles are
identified at 0.85 um, 4.3 um and 25.6 um, respectively.

In dispersion polymerization, a large particle size distribution is indicative of a long
nucleation period. The stabilizer plays an important role during nucleation and controls both
the particle number and stability. Stabilization is ensured by in situ formation of graft
copolymers (via chain transfer reactions), which are the true stabilizer of the system. In the
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present study, chain transfer to PVP may not be as efficient as in the blank experiments.
Indeed, adsorbed PVP chains located at the NMG surface may be less accessible to radicals
than free PVP, which would decrease the effective amount of stabilizer formed. In addition,
the formed stabilizer is immobilized on the NMG platelets, which may decrease the anchoring
adsorption rate of the resulting PVP/NMG complex on the nucleated particles, and thus
increase both particle size and size ditribution. The formation of the small population of
particles can also be interpreted by a secondary nucleation mechanism promoted by the
formation of the very large particles that cannot ensure efficient capture of primary nucleated
particles.

The increase of final conversion and polymerization rate with increasing NMG content seems
to contradict previous observations. Indeed, the increase of NMG platelets induced a decrease
of the polymerization rate and conversion in the previous emulsion or miniemulsion
polymerization experiments. This illustres the high complexity of the reaction mechanism in
the presence of NMG, and further investigations would be necessary to explain these
unexpected results.
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Figure 40. Polymerization kinetics and particle diameter for the nanocomposite latexes D-
NMG/PVPk30-1.2-50/50 and D-NMG/PVPk30-1.7-50/50

In order to visualize the presence of NMG platelets around the polymer particles, we
performed cryo-SEM analysis. This characterization technique is more adequate that classical
SEM to observe low glass transition temperature nanocomposites. In a typical analysis, the
nanocomposite latex is first frozen in a metallic preform in nitrogen. This preform containing
the sample is inserted in the cryo-chamber of the SEM. Prior to the observation a clean cross
sectional fracture of the frozen sample is made in situ using a manipulator holding a razor
blade. A constraint is to minimize the presence of ice on the sample. Figure 40 represents the
pictures of the two nanocomposite latexes D-NMG/PVPk30-1.2-50/50 and D-NMG/PVPk30-
1.7-50/50 imaged by this technique.
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Each picture shows a latex particle of around 10 pm diameter surrounded with a
heterogeneous background that can be attributed to ice or frozen ethanol. The latex particle
exhibits a rough surface. This texture can be attributed to NMG platelets covering the particle
surface. As a comparison, cryo-SEM image of a blank latex particle is shown in Figure 43:
the particle surface shows no texture.
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Figure 41. Cryo-SEM pictures of the nanocomposite latexes D-NMG/PVPk30-1.2-50/50 and D-
NMG/PVPk30-1.7-50/50.

Table 19 summarizes the characterizations of the two nanocomposites formed after
polymerization including the number of NMG and polymer particles and the theoretical
surface coverage. To calculate the number of polymer particles, we used 4.3 um and 3.3 um,
as particle diameters, respectively. These large polymer particle sizes led to a theoretical
surface coverage of more than 100% for both polymerizations. In consequence, both of the
nanocomposites should possess electrical properties after film formation.

Table 19. Polymer particle diameter, monomer conversion, particle number and theoretical surface
coverage for in situ dispersion polymerizations performed using PVPk30 as stabilizer and different
amounts of NMG.

Experiment name DLS Conversion  NMG N N T
i Domy @) (LY Nwe N Fo
D-NMG B o
IPVPK30-1.2-50/50 0-89-4-3-25.6 90 26 3.910° 37100 201
D-NMG 3.3-22 100 33 4910 9010 255

/PVPk30-1.7-50/50

The influence of the stabilizer concentration is investigated in the following paragraph.
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c. Influence of stabilizer concentration

The influence of stabilizer concentration was described as negligible for blank
polymerizations. However the amount of stabilizer used in the previous experiments was very
low, which encouraged us to study the effect of stabilizer concentration with the aim to
decrease particle size. A series of in situ dispersion polymerizations with similar NMG
contents but different stabilizer concentrations were thus carried out using the hydro-alcoholic
NMG/PVPk30-5 and NMG/PVPk30-10 suspensions (see Table 17) in which the required
amount of PVPKk30 was introduced prior to polymerization.

The polymerization kinetics and the polymer particles diameters are presented in Figure 42.
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Figure 42. Polymerization kinetics and particle diameter for the nanocomposite latexes D-
NMG/PVPk30-1.7-50/50 and D-NMG/PVPk30-22-50/50.

Figure 42 shows that the polymerization rate and total conversion decreases with increasing
the stabilizer concentration. Increasing the PVPk30 concentration also leads to a small
decrease of the latex diameter. This result is different from the blank experiments in section
IV.2.d, and supports the assumption that the stabilization efficiency of PVPK30 is strongly
influenced by the presence of NMG.

Cryo-SEM analysis of sample D-NMG/PVPk30-22-50/50 is shown in Figure 43b and
compared to the cryo-SEM picture of a blank experiment, D-80/20-80°C-B/PVP-25 (Figure
43a). Compared to the image of the blank latex, the cryo-SEM pictures of sample D-
NMG/PVPk30-22-50/50 show NMG platelets around the polymer particles.
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Figure 43. Cryo-SEM pictures of a) the blank experiment D-80/20-80°C-B/PVP-25, and b) the
nanocomposite latex D-NMG/PVPk30-22-50/50.

To complete this study, the mean polymer particle diameter, the conversion and the number of
NMG and polymer particles are summarized in Table 20. The theoretical surface coverage
was also calculated. The number of polymer particles of the nanocomposite latex D-
NMG/PVPk30-22-50/50 was calculated by taking 1.05 um as particle diameter. The
theoretical surface coverage is still higher than 100% despite the small decrease of particles
size.

The high surface coverage obtained for both syntheses should induce electrical conductivities
of the nanocomposites after film formation.
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Table 20. Polymer particle diameter, monomer conversion, particle number and theoretical surface
coverage for in situ dispersion polymerizations performed using increasing amounts of PVPk30.

DLS  Conversion NMG

Experiment name —— ) N N T coverage
p Dh (nm) (%) (g L 1) NMG latex g
D-NMG 13 10
P sy 3322 100 33 4910%° 9010° 255
D-NMG 1.05-19 80 32  1810% 22102 157

/PVPk30-22-50/50

The nanocomposite latexes formed in this part, D-NMG/PVPk30-1.2-50/50, D-
NMG/PVPk30-1.7-50/50 and D-NMG/PVPk30-22-50/50, were also visually inspected to
study their stability as a function of time (Figure 44). They are all darker than the
nanocomposite latexes previously synthetized by in situ emulsion or miniemulsion
polymerization. No destabilization is visible on the pictures. However, a closer look at the
suspension by gently shaking the vials to observe the bottom of the tubes, reveals the presence
of a sediment for each sample in the bottom of the cylinder which is due to natural
sedimentation of the large polymer beads. After a simple agitation, the polymer particles can
be re-dispersed in the solvent.

D-NMG/PVPk30- D-NMG/PVPk30- D-NMG/PVPk30-
1.2-50/50 1.7-50/50 22-50/50

Figure 44. Pictures showing the stability of the nanocomposite latexes D-NMG/PVPk30-1.2-50/50, D-
NMG/PVPk30-1.7-50/50 and D-NMG/PVPk30-22-50/50, with time.

To complete these stability measurements, we also performed Turbiscan® analysis. The
results are presented in Figure 45.
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Figure 45. Turbiscan® stability analysis of the nanocomposite latexes D-NMG/PVPk30-1.2-50/50, D-
NMG/PVPk30-1.7-50/50 and D-NMG/PVPk30-22-50/50, with time.

No sedimentation of the samples is visible on Turbiscan measurements. Given their high
theoretical surface coverage, all the polymer particles are covered by NMG platelets and
consequently, all the samples display the same backscattering adsorption. Therefore, their
sedimentation is not visible on the Turbiscan measurements and cannot be quantified.

d. Influence of the comonomer composition

The impact of the proportion of each monomers has been studied. In fact, the proportion of
each monomer will influence the composition of the copolymer chains, and hence the final
glass transition temperature of the nanocomposite. For our application, a Ty around room
temperature is needed and is achieved for a 50/50 (wt/wt) Sty/BA composition in the case of
submicronic polymer particles. However, in dispersion polymerization, the latex particles are
much larger. Such polymer particles with a large diameter are hard to deform. Consequently
their Ty needs to be decreased, compared to smaller particles, to allow film formation.

In the subsequent experiments, the proportion of BA was increased to 60%wt to reduce the
glass transition temperature of the copolymer. In situ dispersion polymerization was
performed under otherwise exactly the same polymerization conditions as in section 1V.3.a.

The effect of the comonomer composition on the diameter and particle size distributions of
the nanocomposite latex particles is shown in Figure 46. D-NMG/PVPk30-9-50/50 and D-
NMG/PVPk30-7.5-40/60 contain approximately the same amounts of stabilizer and NMG but
have different BA contents. Increasing the proportion of BA induces an increase of the mean
polymer particle diameter. This result is in agreement with literature and can be reasonably
attributed to an increase of the solvent polarity when changing the comomonomer
composition, leading to the formation of larger particles.
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Figure 46. Particle diameters for the nanocomposite latexes D-NMG/PVPk30-9-50/50 and D-
NMG/PVPk30-7.5-40/60.

TEM and cryo-SEM are presented in Figure 49 and Figure 50. Due to the low glass transition
temperature of the nanocompsoite D-NMG/PVPk30-7.5-40/60, TEM could not be performed
in this case.

Figure 47 compare the TEM image of the blank experiment, D-80/20-80°C-B/PVP-10 (Figure
47a) with that of the nanocomposite latex D-NMG/PVPk30-9-50/50 (Figure 47b). The
polymer particles of the nanocomposite latex seem covered of NMG platelets.

Figure 47. TEM picture of a) the blank experiment D-80/20-80°C-B/PVP-10 and b) the
nanocomposite latex D-NMG/PVPk30-9-50/50.

Figure 48 shows cryo-SEM pictures of the nanocomposite latexes D-NMG/PVPk30-9-50/50
and D-NMG/PVPk30-7.5-40/60 after a transversal cut (with the razor blade) of the freezed
samples.
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For the D-NMG/PVPk30-9-50/50 sample, the NMG platelets are arranged all around the latex
beads and the polymer particle distribution seems large. Regarding the nanocomposite latex
D-NMG/PVPk30-7.5-40/60, which has a lower Ty, the polymer particles appear deformed.
The larger latex particles seem to be surrounded by smaller polymer particles. For both
nanocomposites, NMG platelets are clearly visible around the latex particles.
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Figure 48. Cryo-SEM pictures of the nanocomposite latexes D-NMG/PVPk30-9-50/50 and D-
NMG/PVPk30-7.5-40/60.

The main characteristics of the nanocomposite latexes D-NMG/PVPk30-9-50/50 and D-
NMG/PVPk30-7.5-40/60 are summarized in Table 21. The number of polymer particles was
calculated considering the smallest particles of 0.92 um and 2.5 pm respectively.

Table 21. Effect of comonomer composition on the polymer particle diameter, monomer conversion,
particle number and theoretical surface coverage of composite latex particles obtained by in situ
dispersion polymerization using PVPk30 as stabilizer.

DLS Conversion  NMG

Experiment name W %) (Wt%) Nnme Niatex  Zcoverage
D-NMG 14 12

ovPra ey 09219 80 36  2010% 33102 155
D-NMG 2.5-25 80 3 1710% 1610% 351

/PVPk30-7.5-40/60

As already mentioned, the comonomer composition has an influence on the mean polymer
particle diameter, which increases with increasing BA content. Both nanocomposite latexes
have a high theoretical surface coverage, and should therefore lead to conductive
nanocomposites after film formation.
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4. Conclusions

To conclude, a series of in situ dispersion polymerization experiments have been carried out
using NMG/PVPK30 suspensions of varying PVP concentrations. These NMG suspensions
were obtained by solvent exchange of the NMG/PVP water dispersions prepared by
mechanical delamination. This solvent exchange resulted in a significant increase of both the
NMG and PVPk30 concentrations in the suspension. This high NMG content allowed
synthesizing nanocomposite latexes with higher NMG weight percentages compared to in situ
emulsion or miniemulsion polymerizations. For all the nanocomposite latex, the theoretical
surface coverage, ¢ exceeds 100 % due to the high polymer particle diameter and the

coverage’

high NMG content: conductive nanocomposites should be obtained after film formation.

In order to establish whether covalent bonds have been created between the NMG platelets
and the polymer during in situ polymerization, a solubility test was carried out. The film
obtained by in situ dispersion polymerization in the presence of NMG (D-NMG/PVPk30-9-
50/50, 3.6 %vol. NMG) was immersed in THF and its behaviour was compared to that of the
nanocomposite film prepared by physical blending of NMG platelets and 650 nm diameter
latex particles (D650-WG/S-2, 2 %vol. NMG) (Figure 49). The poly(Sty-co-BA)/NMG blend
is fully soluble in THF, indicating that there is no covalent bonding between NMG and the
polymer particles. The film is indeed totally destroyed after one day under agitation. In
contrast, the film obtained from the nanocomposite latex made by in situ dispersion
polymerization is not completely soluble in THF, suggesting the existence of covalent bonds
(or strong physical interations) between the NMG platelets and the polymer particles. The
solvent resistence of the nanocomposite film made by in situ polymerization is a clear benefit
for textile applications.

Figure 49. Solubility tests in THF of films made through physical blending (D650-WG/S-2) and in
situ dispersion polymerization (D-NMG/PVPk30-9-50/50).
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V. Electrical properties of the nanocomposites synthetized by in
situ polymerization

Various NMG/polymer nanocomposite latexes with different particle diameters have been
synthesized in this chapter. As the aim was to form conductive suspensions, the electrical
properties of these nanocomposites were tested in this section. Each nanocomposite was film-
formed in a silicon mold at 40°C during a night. The films were then washed in a water bath
during 24h to remove the surfactant or stabilizer present on the surface of the film. Electrical
measurements were performed on both sides of each films and the electrical conductivity, o,
(in S m™) was calculated using equations 5 and 6 of Annexe I. Table 22 summarizes the
electrical conductivities obtained. Only the electrically conductive films are presented.

For in situ emulsion and miniemulsion polymerization, the only conductive films are those
made with the NMG/SDBS-5-U.C suspension. The nanocomposites synthesized with
PSbPEO 1030 are not conducting despite their high theoretical surface coverage. This
polymeric stabilizer, which is insulating might inhibit the electrical conductivity of these
films.

The exact weight and volume percentages of NMG in the nanocomposite films were
determined by TGA. In fact, knowing the NMG weight percentage and the thermal
decomposition profiles of the physical blends (TGA curves shown in Chapter 3) it is easy to
determine the weight percentage of the in situ nanocomposite films by a simple proportional
calculation.

Table 22. Electrical conductivity as a function of the volume percentage of NMG for the different
nanocomposites produced by in situ polymerization in the presence of NMG suspensions.

. Electrical
In situ . e NMG
. Experiment name conductivity
-1
polymerization process (s mY) (vol%o)
Emulsion E-NMG/SDBS U.C 6.6 10° 1.2
Miniemulsion mE-NMG/SDBS U.C 1.1 10 2.1
D-NMG/PVPk30-9-50/50 1.6 107 2
D-NMG/PVPk30-0.1-50/50 1.6 107 0.3
. . D-NMG/PVPk30-22-50/50 2.910° 1.7
Dispersion
D-NMG/PVPk30-7.5-60/40 8107 15
D-NMG/PVPk30-1.7-50/50 6103 1.8
D-NMG/PVPk30-1.2-50/50 110* 1.4

The nanocomposite latex D/NMG/PVPk30-0.1-50/50 was not presented before due to its low
NMG percentage and low stability. It was however film-formed and its electrical conductivity
was measured.
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Figure 50 represents the electrical conductivities of the nanocomposites synthetized through
in situ emulsion and miniemulsion polymerization, in function of the NMG volume fraction.
A theoretical model (3D electrical percolation model) for both polymer particle diameters was
calculated and introduced in the Figure.

1,E+03 -
1,E+02 -
o
= 1,E+01 -
=
2 1,E+00 T T T T . . )
'E’ 2 4 6 8 10 12 14
2 1,E-01 -
3] %vol (NMG)
.3 1,E-02 -
g
© 1,E-03 -
i
. -04 - [ |
% LE-04 ——theoritical model (D=216 nm)
E‘* 1,E-05 - - ——Theoritical model (D=127 nm)
1,E-06 - ® E-NMG/SDBS-1.7
® mE-NMG/SDBS-1.7
1,E-07 -

Figure 50. Electrical conductivity of the nanocomposites formed by in situ emulsion and miniemulsion
polymerizations and comparison with the theoritical model

Both electrical conductivities measured are below the values of conductivities for the
theoretical model. This discrepancy between the experimental and theoretical values can be
due to the large size distribution of the polymer particles.

Electrical conductivities for the nanocomposites realized by in situ dispersion polymerization
are represented on Figure 51.

Electrical conductivities are again lower than theoretical models for physical blends with
polymer particles of 1 um or more than 20 um in diameter, respectively. But, as mentioned
above, the large polymer particle size distribution can affect the values of electrical
conductivities.
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Figure 51. Electrical conductivity of the nanocomposites formed by in situ dispersion polymerization.

Conclusions

In this chapter, NMG-based conductive nanocomposite suspensions were synthetized by in
situ emulsion, miniemulsion and dispersion polymerizations.

Firstly, in situ emulsion polymerization was realized with NMG/SDBS suspensions.
Decreasing the surfactant concentration induced an increase of the latex diameter. However, it
also induced a destabilization of the NMG nplatelets during the polymerization. This
phenomenon is likely due to the high mobility of SDBS. A small decrease of SDBS
concentration, just below the CMC,p, allowed forming NMG-armored polymer latex particles
with a diameter of 200 nm without destabilization of the NMG platelets during the
polymerization.

Then, two polymeric stabilizers were investigated PSSNa and PSbPEO1030, respectively.
Increasing the molar mass of the stabilizer reduced their molecular mobility, which increased
the stability of NMG during polymerization. In situ emulsion polymerization with
NMG/PSSNa led to the formation of stable nanocomposite latexes. No sedimentation was
noticeable on the Turbiscan® analysis but the NMG concentration was too low to obtain
conductive films. The NMG/PSbPEO1030 suspensions were more concentrated in NMG
platelets and stable polymer latex particles with 200 nm diameter were successfully obtained
in this case. But unfortunately, for obscure reasons, the monomer conversion was limited to
only 50% and did not increase with increasing initiator concentration.
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To increase the mean polymer particle diameter without NMG destabilization during
polymerization, in situ miniemulsion polymerizations were performed with NMG/SDBS and
NMG/PSbPEO1030 suspensions. Latex particles with a mean diameter of 127 nm and 250 nm
were obtained for mE-NMG/SDBS-1.7 and mE-NMG/PSbPEOQ-7, respectively with however
limiting conversions. Limiting conversions might be due to the trapping of part of radicals by
surface oxygen-groups on the NMG platelets. Among all the latex synthetized, only two were
electrically conductive (E-2%-NMG/SDBS-1.7 and mE-NMG/SDBS-1.7). Even if their
conductivity is lower than the theoretical model, these two nanocomposite latexes are stable
In suspension.

As an alternative to emulsion and miniemulsion polymerizations, in situ dispersion
polymerization using PVPk30 as stabilizer was performed to decrease the number of latex
particles, and increase consequently the particle diameter and theoretical surface coverage.
Composite latexes with very large particle diameters were indeed obtained in this case.
However the particle size distribution was very broad. The large increase in particle size
compared to the blank experiment and the broadening of the particle size distribution both
indicate that the nucleation was strongly perturbated by the presence of NMG. Increasing the
PVPk30 concentrations allowed decreasing the particle size but not in a too significant
manner. In both cases, the latex surface coverage was much higher than 100 %.

Electrical conductivity measurements showed that the nanocomposite latex D-NMG/PVPk30-
9-50/50, which has smaller polymer particles size but a high NMG content, is the best of the
series. The other nanocomposites also present reasonable electrical conductivities. However,
these conductivities cannot be compared with the literature as this is to our knowledge the
first report on in situ dispersion polymerization in the presence of NMG platelets.
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General conclusions

In this thesis, we aimed to produce conductive latex based on a graphene/polymer
nanocomposite material for textiles application. The main challenge was the synthesis of
nanocomposites comprising polymer latex particles which can film-form at room temperature
(low Tg) and graphene platelets for the electrical properties. The latex route was preferred
among other ways to favor the creation of segregated networks leading to a drastic decrease of
fillers needed for efficient conductive properties.

The analysis of literature demonstrated that carbon suspensions are an adequate choice due to
their low cost. Moreover, the shape and aspect ratio of the graphene fillers can favor the built-
up of armored nanocomposite latex, and lead to excellent conductive properties at low filler
content. The production of graphene throughout a mechanical delamination of graphite was
demonstrated as an appropriate way to obtain Nanosize Multilayered Graphene (NMG) in
water suspensions using a low cost and few steps process.

The second chapter described the production of the Nanosize Multilayered Graphene
stabilized in water phase by a surfactant or a polymeric stabilizer. Mechanical delamination in
water was used to produce NMG with a small lateral size combining wet grinding and
sonication. Stable suspensions containing NMG with lateral size of 50 to 300 nm and
counting 5 to 10 graphene layers were successfully produced. The concentration of the
produced NMG suspensions, in this preliminary study, was 2 mg mL™ which is twice as high
as common concentrations of graphene oxide suspensions obtained through chemical methods
and for a much shorter process duration (only 4 hours).

Nanocomposites have been produced via two latex routes: physical blending and in situ
polymerization in the presence of multilayered graphene.

For physical blending route, the NMG suspensions were blend with acrylic latexes. The
nanocomposites obtained exhibit a good stability in suspension and were film-formed at room
temperature. The influence of the size ratio between the conductive filler and the latex
nanosphere drove the study. The final composite materials exhibit micrometer-scale domain
size with filler paths running throughout the material. The conductivity behavior was
described using a percolation approach and the mechanical reinforcement obtained with
increasing NMG content was also consistent with a percolation behavior. The mechanical and
electrical percolation thresholds are fairly consistent with the geometrical percolation
threshold for both sample series.

Moreover, highly conductive graphene-based composite materials have been produced
through a latex route (solvent-free procedure). The composite-latex blend was based on
acrylate copolymers that are already mature in the ink and paint industry: they can form
continuous and deformable films without neither high temperature curing nor additional hot-

185



General conclusion

pressing, which is adequate for flexible and textile substrates. The nanocomposite materials
exhibited good electrical properties (10° S m™ comparable to commercial carbon-based
conductive inks) with low filler content: less than 10 wt.% compared to 20-40 wt.% in
existing conductive inks. This elaboration route based on blends of NMG platelets and
polymer latex particles provides a promising candidate for conductive inks for printed
electronics and functional conductive materials.

In the last chapter, NMG-based conductive nanocomposites suspensions were synthetized by
in situ emulsion, miniemulsion or dispersion polymerization. The main challenge was to
synthetize large polymer particles in presence of surfactant or stabilizer, meaning a polymer
particle diameter larger than the NMG lateral size. Moreover, an armored nanocomposite,
with latex particles surrounded by NMG platelets, with only non-covalent bonding was
another challenge. The synthesis of graphene-based nanocomposites by in situ polymerization
in the presence of NMG suspensions and the resulting electrical properties were performed.
For these polymerizations, polymeric stabilizers, such as PPSNa, PSbPEO and PVPk30, were
used to produce of NMG suspensions and were demonstrated as good NMG platelets
stabilizers with the same or higher yield than SDBS.

A short state-of-the-art on graphene defects has reported the existence of few oxygen-
containing groups and structure defects on the graphene structure, according to the synthesis
method. These defects act as radical trapping and can interact with the initiators and the
growing polymer chains during the polymerization. Three different surfactant (SDBS) or
polymeric stabilizers (PSSNa, PSbPEO) were used for in situ emulsion polymerizations. Their
selection depended on their ability to produce high content and stable NMG suspensions
during the NMG mechanical delamination and their mobility in water phase which is a critical
parameter during polymerization. SDBS presented a high mobility in the aqueous phase and
induces a destabilization of some part of the NMG platelets during the polymerization
process. But by decreasing the SDBS content just below the CMCgy, almost full
polymerization conversion (90%) is reached and composite latex particles of 228 nm mean
diameter with high theoretical surface coverage ( ... ... =19.3) are produced. Unfortunately

NMG/SDBS latexes exhibited low stability and sedimentation was observed within five days.
Later on, latexes obtained from NMG/PSSNa presented a low NMG weight percentage and
the polymer particles diameter produced did not favor the creation of armored structures.
Another polymeric stabilizer, PSbPEO 1030, was used and the final composite latexes
obtained had a high NMG content and no destabilization either during polymerization process
or within five days was observed. It was determined that mobility of stabilizer and reactivity
of initiator was key parameters to efficiently conduct the polymerization process.

To reduce the surfactant mobility in the aqueous phase and the destabilization of the NMG
platelets during the polymerization, miniemulsion polymerization can be adequate. In situ
miniemulsion polymerizations were performed with suspensions of NMG stabilized by SDBS
and PSbPEO 1030. Latex particles with a mean diameter of 127 nm and 250 nm were
obtained respectively for the nanocomposites latexes with low concentration of SDBS or
PSbPEO (mE-NMG/SDBS-1.7, mE-NMG/PSbPEO-7). But, as for in situ emulsion
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polymerization, a total conversion was not reached, which might be due to the trapping of part
of radicals by surface oxygen-groups on the NMG platelets. The electrical properties of the
nanocomposites synthesized by in situ emulsion and miniemulsion polymerizations showed
that only the nanocomposites latex with low concentrations of SBDS as a stabilizer (E-2%-
NMG/SDBS-1.7 and mE-NMG/SDBS-1.7) were electrically conductive.

As an alternative to these two polymerizations, in situ dispersion polymerizations were
performed with the suspensions NMG/PVPk30 to increase the latex diameter and so raise the
surface coverage rate. After the polymerizations, all the nanocomposites had a theoretical
surface coverage larger than 100% due to the high polymer particle diameters obtained (more
than 1 pum). To form armored polymer particles, the best nanocomposite was composite latex
with PVPK30 as a stabilizer (D-NMG/PVPk30-9-50/50) because it was the nanocomposite
with the smallest polymer particle diameter but the highest NMG content. All these
nanocomposites presented an electrical conductivity and could not be compared with the
literature where in situ dispersion polymerization with NMG platelets were not described.
Thus, it might be interesting to explore the grafting of surfactants or stabilizers directly on the
graphene surface in order to obtain graphene platelets with amphiphilic properties.

A solubility test was carried out in tetrahydrofuran (THF) to compare the nanocomposites
films prepared by physical blending and in situ polymerization in the presence of NMG. The
films realized by in situ dispersion polymerization were not completely dissolved, suggesting
the existence of strong interactions between the NMG platelets and the polymer particles.

Finally, the potential interest for electronics was demonstrated by the use of the
nanocomposite materials in replacement of copper wires in a LED setup. A pen was also
filled with a conductive NMG suspension and conductive results obtained for a deposit on
PET film and fabric are similar to the film-standing films. These conductive nanocomposite
suspensions might become a cheaper alternative to silver-based conductive inks for printed
electronics and might open more versatile electronic applications due to the deformability of
the polymer matrix, for instance, on textile substrates.
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In this appendix, the major characterization techniques that were used in this work will be
presented.
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I. Microscopic Characterizations

1. Transmission Electron Microscopy (TEM)

TEM observations of latex and NMG/polymer nanocomposite latexes are performed on
formvar/carbon grids by evaporation of a small droplet of the diluted suspension on the grids.
For the observations of the nanocomposite films, thin foils TEM-specimens (< 100 nm) of the
nanocomposite material were prepared using a diamond knife on cryo-ultramicrotome
equipment. These specimens are then observed using a Philips CM120 at an accelerating
voltage of 120 keV at the CTp (Centre Technologique des Microstructures, Lyon 1
University). The mean diameter of the polymer particles (Drem) Was determined using the
AnalySIS software (Soft Imaging system).

On the TEM micrographs, the polymer matrix appears in medium grey as a homogeneous
background. Due to their very small thickness, the NMG platelets are visible when they are
edge up, then they appear as dark sticks or dark aggregates.

The polymer matrix, poly(styrene-co-butyl acrylate) or poly(methyl methacrylate-co-butyl
acrylate), has a glass transition temperature near room temperature and the PMMA can react
into the microscope due to high energy electron beam. This can induce a degradation of the
samples. In order to obtain more accurate observations of our specimens, cryo-TEM needs to
be done.

This technique consists in the quick freezing of a thin film of the suspension. The frozen
particles are then observed at a temperature of -180°C. A drop of the suspension is deposited
on copper grids covered by a carbon membrane (NetMesh, Pelco). Then the sample is freezed
in liquid ethane of the work station Leica EM CPC (Leica Microsystems, Austria). The grid is
then deposit on a cryo plunge Gatan and transferred in the microscope for the observations.

2. Scanning Electron Microscopy (SEM and cryo-SEM)
SEM observations were realized on a MEB FEI Quanta 250 FEG to characterize the
morphology of the NMG suspensions.

Concerning the nanocomposite latexes realized by in situ dispersion polymerization, the
observations are performed in Cryo-SEM mode, on a MEB FEI Quanta 250 FEG in low
vacuum with an acceleration tension of 5 kV with a cryo-transfer Gatan Alto 2500.

3. Atomic Force Microscopy (AFM)

Atomic Force Microscopy observations were performed on Nanowizard 3 Nanoscience AFM
from JPK Instruments. This method is a topological analysis of the surface with ultrahigh
resolution. A scheme of the AFM is presented on Figure 1.
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Figure 1. Scheme of the Atomic Force Microscopy equipment

This equipment is used on tapping mode, which consist on the vibration of the cantilever at its
own resonance frequency with knowing amplitude. For this mode, the mean position of the tip
is near the surface. When the tip interacts with the surface, the amplitude decreases and
induces a variation of the oscillation amplitude of the cantilever. This mode is used to
characterize the topography of the samples. The micrographs obtained for each samples are
treated by Gwyddion software to determine the mean thickness of the graphene platelets. For
each specimen, more than 200 platelets are analyzed.

II. Mechanical characterization: Dynamic Mechanical Analysis
(DMA)

Dynamic Mechanical Analysis is used to study the viscoelastic properties of a material by
measuring its dynamic modulus in function of the temperature or in function of the
solicitation frequency. A sinusoidal stress (y*=yoexp(iot)) is applied and the strain
(e*=¢gpexpi(wt+d)) in the material is measured, giving the complex modulus (G*= y*/ €*). The
solicitations are generally at very low amplitude (between 10 and10°®) in order to stay in the
linear domain. The complex shear modulus G* is equal to:

G*=G’+iG” Equation 1

Where G’ represents the storage modulus and G” the loss modulus. For polymeric materials,
the temperature of the maximum of G” is defined as the mechanical main relaxation
temperature of the material determined at a given frequency.

The DMA equipment used is a custom-made equipment developed in MATEIS department at
INSA Lyon [1]. A schematic representation of this equipment is presented on Figure 2. The
measurements were performed in torsion mode at a fixed frequency (1 Hz) from 200 K to 380
K with a heating rate of 1 K/min.
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Figure 2. Scheme of DMA equipment used in torsion mode
The samples are rectangle cut out of the films with the following dimensions:

6 mm< L <11 mm

2mm<| <4 mm

0.1mm<e<0.3mm

where L, | and e are respectively the distance between the grips, the width and the thickness of
the samples.

The shear modulus G* is calculated using the following equation:
G” :i. F*

f ©
Where T'* is the torque force and ®* is the angular deformation. f is a form factor of the
sample and is given by the equation :

il
L

Equation 2

e
and p o< 1 Equation 3

The storage modulus G’ plots have been normalized so that the glassy plateau is set at 1 GPa.
For nanocomposites, this normalization implies that the reinforcement of fillers in glassy
polymer matrix has been neglected for the filler volume contents considered. The value of G’
in the glassy plateau is calculated based on the dimensions of the samples measured at room
temperature.
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III. Electrical characterization

The electrical conductivity was measured using a four-point probe setup (with gold contacts
and 3.48 mm of distance (s) between each probe) equipped with a galvanometer (Keithley
2400).

-

Figure 3. Four-probe galvanometer equipment

A galvanometer is used to inject the measurement current in the end pair of leads. The second
lead pair is used to measure the potential drop across the device. Assuming that the leads
resistance is smaller, four-point probe is more accurate than two point’s measurements. For
each specimen, five measurements are done on each side of the nanocomposites films. Each
measurement allows the calculation of the resistivity though the following equation [2]:

T U
L= () t(Tj f, f, Equation 4

where t, f; and f, represent respectively the thickness of the sample and two form factors
depending of the shape and thickness of the specimens [3]. The form factor f1 depends of the
thickness of the sample (Figure XX).

The form factor f, depends of the shape of the samples (Figure 4).[4]
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Figure 4. graphics for the calculation of the form factors (f; and f,)

The resistivity measurement allows the calculation of the electrical conductivity using the
following equation.

0= Equation 5

IV. UV-Visible spectroscopy

UV-visible analyses are realized on a spectrometer UV/VIS (JASCO V-530) with quartz cells
at a length of 660 nm. First, the calibration of the spectrometer is realized with SDS or
SDBS/graphene suspensions at different concentrations to calculate o coefficient using the
Beer-Lambert law’s (Equation 2).

Abs = a/C Equation 6

Figure 5 represents the calibration curves for both surfactants.
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Figure 5. UV-visible calibration for NMG suspensions using SDS or SDBS as a surfactant

UV response of SDS is known to be lower than SDBS response, due to the presence of
aromatic groups for SDBS [5].

V. Dynamic Light Scattering (DLS)

Measurements of dynamic Light Scattering allow the determination of the hydrodynamic
diameter of nanoparticles in a solvent. The principle is based on the intensity fluctuation of
the diffuse light in function of time. These fluctuations reveal the Brownian motion of the
objects. Quick diffused intensity fluctuations are attributed to small particles and slow
fluctuations are characterized by the presence of large particles.

Using these fluctuations, a diffusion coefficient is calculated and allows the measurement of
the hydrodynamic diameter of the nanoparticles based of Stokes-Einstein equation:

kgT

R=-
671D

Equation 7

With D, the diffusion coefficient, kg the Botzmann constant, T the temperature and n the
solvent density. These measurements are realized on the NanoZS (Malvern) with an angle of
90° a 20°C.
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Appendix II: Uniaxial tensile tests for
nanocomposite latexes deposit on PET
films

The electrical properties of nanocomposites suspensions deposited on PET subtrates after a
small deformation of the subtrate were studied in this appendix. Nanocomposite latexes with
650 nm latex beads diameter and a concentration of NMG from 2 to 4 vol.% have been
deposit on a PET film using the procedure of Chapter 3.V.2. (for the electrical measurements
on various substrates). The PET film with the nanocomposite was then cut to fit the
dimensions and shape of the typical specimens used for tensile uniaxial testing according to
standards (Figure 1).

4'9#

L

[specimen with rectangular X-section]

Figure 1. Dimensions of the specimen for uniaxial tensile test, with 1g the length of the specimen on
which the mechanical properties are determined.

First, a uniaxial tensile test was realized on a deposit-free PET film in order to determine the
maximum of elongation allowed by this substrate without any deformation. The device
(Instron 3345-K7349) used a load cell of 500N. Figure 2 illustrated the tensile test curve
which represents the loading in function of the displacement for the neat PET film. The
maximum deformation allowed by this substrate in the elastic domain will be fixed at 4% for
the next experiments in the presence of the nanocomposite.

Substrate: PET Film
Deformation curve

1
i
30 !
g% E
o 20 .
£ !
B 15 |
S !
- 10 ! .
| ~ 4% of deformation
1
0 E\ T T T 1
0 1 2 3 4 5

Displacement (mm)

Figure 2. Tensile test curve for deposit-free PET film and determination of the maximum deformation
allowed in the elastic domain.

197



The electrical conductivity of the nanocomposites containing 2, 3 or 4%vol of NMG was
measured before and after a tensile test in the eleastic domain of the substrate. The results of
these electrical measurements are added in Figure 3.

1.E01 + = Before
« after

1,E-02 -

1,E-03 -

Electrical conductivity (S m)

1,E-04 -
4vol.% 3vol% 2vol.%
of NMG

Figure 3. Electrical conductivities for the nanocomposites deposited on PET film subtrates with
various concentrations of NMG before and after a deformation of the substrate in its elastic domain.

The electrical properties for the nanocomposite containing 2%vol of NMG are identical
before and after the deformation of the substrate. Whereas, a decrease of the electrical
properties is observed for higher NMG concentrations (3 and 4 vol.%) after the substrate
deformation. The nanocomposite latex with the lower concentration of NMG contains a
higher concentration of acrylic latex. Consequently, a minimum amount of polymer matrix
will be needed to maintain the electrical properties after the deformation of the substrate.
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Abstract :

Printed electronics, particularly on flexible and textile substrates, raised a strong interest
during the past decades opening new applications in electronics. This project presents a
procedure that provides a complete and consistent candidate for conductive inks based on a
graphene/polymer nanocomposite material. It consists in the synthesis of conductive inks
nanocomposites comprising polymer particles (latex) with low glass transition temperature, Ty,
to obtain films at room temperature, and graphene platelets, for the conductive properties.
The conductive particles, named Nanosize Multilayered Graphene (NMG), are prepared by
wet grinding delamination of micro-graphite (1-10 pum diameter) suspensions stabilized by
various surfactants and/or polymeric stabilizers. This solvent-free procedure allows the
formation of NMG suspensions with low thickness (1 to 10 sheets). Polymer particles are
synthetized by surfactant-free emulsion polymerization with acrylate monomers and possess a
glass transition temperature around room temperature.

Physical blending of latex particles and NMG platelets are performed to obtain conductive
nanocomposite inks. Adding NMG induces a low percolation threshold and a sharp increase
of the electrical and mechanical properties of the nanocomposites. Moreover, the polymer
particles diameter have an impact on these properties.

To increase the formation of a well-defined cellular microstructure, the nanocomposites are
also synthetized by in situ polymerization in the presence of NMG platelets, using emulsion,
miniemulsion or dispersion polymerization. The excellent electrical properties of these
nanocomposites associated to their flexibility make these materials suitable candidates for the
production of conductive inks for textile printing applications.
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Résume :

Les dispersions de nanocomposite a base aqueuse (aussi appelées nanocomposites latex) sont
produites pour des applications diverses telles que les adhésifs, les revétements et plus
récemment les encres.

Ce projet consiste a realiser des encres conductrices nanocomposites comprenant des
particules de polymeére (latex) a basse temperature de transition vitreuse, Tg, pour la formation
de films a température ambiante, et des plaquettes de graphéne, en raison de leurs excellentes
propriétés conductrices.

Les charges conductrices, appelées multi-feuillets de graphene, sont réalisées par broyage en
voie aqueuse de graphite (1-10 um) stabilisées par différents tensio-actifs et/ou stabilisants.
Cette méthode sans solvant et a bas codt permet de produire des suspensions de multi-feuillets
(1 a 10 feuillets) de graphéne. Les particules de polymeres utilisées sont synthétisées par
polymérisation en émulsion de monomeres acrylates. Ce latex possede une température de
transition vitreuse proche de la température ambiante.

Dans un second temps, des mélanges physiques de suspensions de graphéne et de latex
acrylates ont permis d’obtenir des encres nanocomposites. L’ajout de graphéne permet
I’obtention d’un seuil de percolation a bas taux de charge et une nette amélioration des
propriétés électriques et du renfort. Le diameétre des billes de latex a une influence importante
sur ces propriétés et a également été étudié.

Afin d’augmenter la stabilité des suspensions et les interactions graphene/latex, des
nanocomposites structurés ont été synthétisés par polymérisation in situ en émulsion,
miniemulsion ou dispersion en présence de graphéne. Les excellentes propriétés électriques
associees a leur flexibilité font de ces matériaux des candidats adaptés pour la réalisation
d’encres conductrices pour impression sur textile.



