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RÉSUMÉ 

Dans ce travail de recherche, nous avons synthétiser et fonctionnaliser des matériaux 

2D à base de l’oxyde de graphène (OG), de l’hexachlorocyclotriphosphazène (HCCP) 

et du p-Phénylèndiamine (p-PDA) en tant que retardateur de flamme (RF) et en tant 

que supercondensateurs à haute performance. En effet, les RF sont des composés 

chimiques utilisés dans les polymères. Étant donné leurs ignifugations, ils sont utilisés 

dans le mobilier et les composés électroniques pour prévenir et empêcher la 

propagation de l’incendie. Les polymères ou les monomères réactifs à base de 

phosphazène sont ignifugeants, grâce à la présence des éléments P et N. Ils peuvent 

être employés seuls ou être ajoutés en masse aux polymères commerciaux courants, 

pour augmenter leur stabilité thermique et le retardement de flamme. De plus, le dopage 

de l’oxyde de graphène réduit par l’azote et le phosphore (P, N-rGO) permet la 

conception de supercondensateur à haute performance. Les supercondensateurs sont 

des dispositifs de stockage possédant une densité de puissance importante de l’ordre de 

plusieurs kW/kg. 

Dans ce sens, une synthèse d’un retardateur de flamme à base OG fonctionnalisé avec 

le (HCCP) et de la (p-PDA) a été réalisée avec succès. L’oxyde de graphène 

fonctionnalisé (FGO) a démontré une efficacité en tant que retardateur de flamme. 

L’analyse thermogravimétrique a démontré que l’ajout d’HCCP à l’OG lui permet une 

grande stabilité thermique et une meilleure résistance à la température ce qui lui confère 

une application comme retardateur de flamme. Le FGO obtenu a été incorporé dans la 

résine époxy pour former des composites. Les propriétés ignifuges, le comportement 

de dégradation thermique et la combustion des composites ont été étudiés par TGA et 

par une flamme de brûleur Bunsen. 
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La synthèse de l’OG utilisé dans la première partie de cette thèse a été réalisée par la 

méthode d’Hummers modifiée. L’OG obtenu a été caractérisé par différentes 

techniques spectroscopiques et d’imageries, telles que la microscopie à force atomique 

(AFM), la microscopie électronique à transmission (MET), la microscopie électronique 

à balayage (MEB), la spectrométrie de résonance magnétique nucléaire de l’état solide 

du carbone -13 (13C-ES-RMN), la spectroscopie de Raman, la spectroscopie infrarouge 

à transformée de Fourier (FT-IR), la spectroscopie de photoélectrons induits par rayons 

X (XPS) et l’analyse thermogravimétrique (ATG).  

Deuxièmement, une synthèse des matériaux carbonés poreux à dopage multiples 

d’hétéroatomes (l’azote et le phosphore) pour la conception des électrodes de 

supercondensateurs. Les matériaux synthétisés qui présentaient une surface spécifique 

enlevée ont été évalués en utilisant la voltamétrie cyclique (CV) à différentes vitesses 

de balayage potentielles et des essais de charge / décharge galvanostatiques (GCD) à 

différentes densités de courant. 

Cette thèse a permis de développer une approche pour préparer des matériaux à base 

de carbone et des hétéroatomes pour une utilisation en tant que retardateurs de flammes 

et comme des électrodes pour supercondensateurs. 

Mots clés: Oxyde de graphène, hexachlorocyclotriphosphazène, dopage, matériaux 2D, 

retardateurs de flamme, supercondensateurs.  

 

 

 



 

CHAPITRE I 

INTRODUCTION GÉNÉRALE 

Dans ce chapitre, une introduction générale sur la synthèse des matériaux à base de 

carbone dopé via des hétéroatomes (N/P/O), des retardateurs de flamme et des 

supercondensateurs a été présentée. Étant donné que l’oxyde de graphène présente une 

surface spécifique élevée, des groupes fonctionnels oxygénés jumelés avec une 

excellente stabilité chimique, il a été utilisé comme substrat prometteur pour la 

fonctionnalisation et le dopage.  

1.1 Matériaux à base de carbone 

Le carbone est le quatrième élément le plus abondant dans l’univers après l’hydrogène, 

l’hélium et l’oxygène. Il est présent sur Terre à l’état de corps simple (charbon et 

diamants), de composés inorganiques (CO2). Le carbone a toujours joué un rôle 

déterminant dans l’évolution de la société humaine. En effet, l’histoire de l’humanité 

ne pourrait pas être écrite sans parler du carbone. Néanmoins, c’est un des éléments les 

plus importants. Le carbone se trouve sur la deuxième ligne et à la sixième colonne et 

dans la classification périodique de Mendeleïev et porte le numéro atomique Z=6. Sa 

configuration électronique est donc 1s22s22p2. Il possède six électrons, dont quatre sur 

sa couche de valence. Cependant, le carbone est souvent retrouvé sous forme hybridée. 

Ainsi, sa structure peut être différente d’une hybridation à une autre. Ces différentes 

hybridations lui permettent d’exister sous différentes formes allotropiques à l’état 
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naturel.  Les formes naturelles les plus connues du carbone sont le carbone amorphe 

(Jenkins 1973), le graphite (Sparavigna 2018) et le diamant (Meyer, Geim et al. 2007) 

(figure 1.1). Les scientifiques ont cependant réussi à mettre en évidence de nouvelles 

formes de carbone : les fullerènes (Kroto, Heath et al. 1985), les nanotubes de carbone 

(Iijima 1991) et la récente découverte le graphène qui n’existent pas à l’état naturel 

(Wallace 1947, Marcano, Kosynkin et al. 2010). Ces allotropes de carbone par leurs 

propriétés électriques et leur résistance mécanique élevées, ainsi que pour leur stabilité 

chimique ont fait l’objet de très nombreuses études, autant dans le domaine 

fondamental que celui appliqué. La découverte de matériaux avec de nouvelles 

propriétés, ne cessent de croitre et cela le but de révolutionner le monde des 

technologies. 

 

 

 

 

 

 

 

Figure 1.1 Allotropes du carbone: (A) carbone amorphe, (B) graphite, (C) 

graphène, (D) fullerène (C60), (E) nanotube de carbone et (F) diamant (Tiwari, 

Kumar et al. 2016) 
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1.2 Oxyde de graphène (OG) 

L’oxyde de graphène (OG) est l’un des derniers nés de cette lignée d’allotropes de 

carbone qui a été relativement négligé, sauf comme intermédiaire pour produire du 

graphène par exfoliation chimique à partir du graphite. 

D’après le modèle de Lerf, la structure de l’OG se compose d’un réseau hexagonal en 

nid d’abeilles (figure 1.2) à base de carbone, ayant à la fois des atomes de carbone 

hybridés sp2 et d’atomes de carbone hybridés sp3. Il possède de nombreuses fonctions 

oxygénées sous forme hydroxyle et époxyde sur le plan basal des feuillets de graphène, 

ainsi que de groupements carbonyles et carboxyles sur le bord des feuilles fait de ce 

matériau un réactif potentiel pour nombreuses applications chimiques. 

 

 

 

 

 

 

 

 

 

Figure 1.2  Structure de l’oxyde de graphène selon le modèle le plus récent de 

Lerf-Klinowski incluant les modifications apportées par Gao et ses collaborateurs 

(Brisebois and Siaj 2020) 
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L’oxyde de graphène est électriquement isolant et chimiquement actif en raison de la 

présence de groupements fonctionnels oxygénés formés au cours de procédé 

d’oxydation de graphite. Ces fonctions oxygénées lui confèrent des propriétés 

amphiphiles, donc une dispersion facile dans l’eau et dans les solvants organiques 

(Bissessur and Scully 2007, Compton and Nguyen 2010), il présente un comportement 

de désactivateur de fluorescence envers les biomolécules qui pourrait être utilisé pour 

comprendre leur changement de dynamique au cours de l’interaction entre le système 

biomacromoléculaire et les surfaces de l’OG (Liu, Robinson et al. 2008, Wang, Li et 

al. 2011).  

L’interaction non covalente telle que la liaison hydrogène, les forces de Van der Waals, 

la liaison cation-π et l’empilement π-π se produisant entre l’OG et les biomolécules 

pourraient être utilisées comme membrane sélective dans les techniques de séparation 

(Yang, Zhang et al. 2008, Lu, Yang et al. 2009, Chergui, Rhili et al. 2020). L’OG peut 

aussi être fonctionnalisé à l’aide de ces fonctions oxygénées pour d’autres applications 

comme la purification de l’eau (Chen, Feng et al. 2012) ou bien en tant que retardateur 

de flamme (Rhili, Chergui et al. 2021).  

1.3 Différentes méthodes de synthèse de l’oxyde de graphène 

L’histoire de l’oxyde de graphène s’étale sur une période de plus de 150 ans. En 1859, 

l’OG a été préparé par le chimiste Brodie ou il s’intéressait à la réactivité du graphite 

en utilisant le chlorate de potassium (KClO3) dans l’acide nitrique fumant (HNO3) 

comme réactif (Brodie 1859). Brodie avait déterminé par analyse élémentaire que le 

matériau obtenu après cette étape a une masse plus grande et est composé de carbone 

(C), d’hydrogène (H) et d’oxygène (O) avec un ratio environ de 61 : 2 : 37.  

Près de 40 ans après la découverte de Brodie, Staudenmeier a reproduit la méthode 

Brodie, en y modifiant certains paramètres. Sa méthode consiste à ajouter le chlorate 
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de potassium lentement tout au long de la réaction pour éviter les dangers reliés à étape 

de réaction exothermique. Le mélange est maintenu sous agitation durant 1 semaine 

dans un milieu refroidi. Durant ce temps du dioxyde de chlore (ClO2) se forme et est 

évacué à l’aide de gaz inerte (N2). Contrairement à la procédure de Brodie il fit une 

réaction progressive. Ce qui permettait entre autres d’augmenter le taux d’oxydation 

des feuillets de graphite (Staudenmaier 1898).  

La synthèse de Staudenmaier se trouvant être longue et dangereuse due à la libération 

gazeuse de NO2 et/ou de N2O4 (vapeurs jaunâtres), Hummers et Offeman 

développèrent un processus alternatif de l’oxydation du graphite nature en utilisant un 

excès de permanganate de potassium et d’acide sulfurique en présence d’une petite 

quantité de chlorate de sodium à une température d’environ 45 °C durant 2H. (William, 

Hummers et al. 1958).  

Plusieurs variantes de cette réaction ont été faites à partir de la synthèse de Hummers 

(figure 1.3). Ces variations impliquent le changement de stœchiométrie ou le 

changement d’un réactif.  

Tableau 1.1 Sommaire des différentes méthodes de synthèses d’oxydation de 

graphite (Compton and Nguyen 2010) 

 
 

Synthèse Brodie 

Staudenmaier-

Hoffman Hummers 

Hummers 

modifié 

Hummers 

améliorée 

Réactifs 

KClO3 

HNO3 

KClO3 

HNO3, 

H2SO4 

3KMnO4 

0.5NaNO3, 

H2SO4 

6KMnO4 

0.5NaNO3, 

H2SO4 

6KMnO4 

1H3PO4, 

9H2SO4 
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1.3.1 Synthèse de l’OG par la méthode d’Hummers modifiée 

L’oxyde de graphène a été préparé selon la méthode de Hummers modifiée (Marcano, 

Kosynkin et al. 2010). Brièvement, 3 g de flocons de graphite ont été mélangés avec 

360 ml de H2SO4 concentrés et 40 ml de H3PO4 à 85%. Puis, 18 g de permanganate de 

potassium (KMnO4) ont été ajoutés progressivement sur une période de 10 minutes. 

Le mélange réactionnel a été chauffé à 50 oC pendant 4 heures dans un bain-marie sous 

agitation constante. Quatre périodes d’ultrasonication de 15 min ont été appliquées à la 

solution pour une exfoliation in situ de l’oxyde de graphite. Ensuite, le mélange a été 

maintenu sous agitation à température ambiante. La solution a été neutralisée avec un 

mélange de glace et 10 ml de peroxyde d’hydrogène (H2O2 30%). Le H2O2 permet de 

convertir le permanganate de potassium résiduel et le MnO2 formés par la réaction en 

MnSO4, espèce soluble en solution. À cette étape, les particules d’OG sont de couleur 

jaune clair dans le mélange réactionnel, mais elles ne sont pas complètement exfoliées.  

Les impuretés métalliques contenues dans le matériel sont éliminées par lavages 

successifs avec de l’eau (250 mL), une solution de HCl 10% (250 mL) et de l’éthanol 

anhydre (2 x 250 mL). Chaque lavage a été maintenu sous agitation pour avoir une 

solution homogène. Après la dernière centrifugation, le matériau a été récupéré sous la 

forme d’un hydrogel de couleur orangée.  

Finalement, 1 L de diéthyl éther (Et2O) a été ajouté à l’hydrogel pour séparer les 

feuillets de l’OG sous agitation. Le matériel de couleur brunâtre est récupéré et séché 

à l’air, puis sous vide pendant 24 heures à 40 oC pour obtenir un mélange brut d’oxyde 

de graphène et d’oxyde de graphite. Finalement, le produit d’OG a été dilué dans de 

l’eau nanopure sous agitation pour avoir une concentration de 4 g/L et la solution a été 

stockée à température ambiante (figure 1.3). 
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Figure 1.3 Différentes étapes de la synthèse de l’oxyde de graphène par la 

méthode de Hummers modifié (Chergui 2018)  

1.3.2 Caractérisation de l’OG 

1.3.2.1 Spectroscopie infrarouge à transformée de Fourier (FTIR) et RAMAN   

Les groupes fonctionnels de l’OG sont étudiés par la spectroscopie FTIR. Le spectre 

FTIR de l’OG (figure 1.4a) possède plusieurs bandes d’élongations intenses associées 

aux étirements des fonctions hydroxyle à 3350 cm-1 (O-H), carbonyles à 1730 cm-1 

(C=O), alcènes à 1608 cm-1 (C=C), et aux époxydes à 1027 cm-1 (C-O).  

Le spectre Raman de l’OG (figure 1.4b) montre deux pics à 1345 cm-1 et 1584 cm-1, 

correspondants aux bandes D et G, respectivement. La bande D est relative au mode de 

vibration radiale de cycle aromatique et lié directement aux défauts dans la structure, 

tandis que la bande G provient du mode de vibration associé aux étirements des liaisons 



 26 

C=C sp2 dans le plan pour les cycles aromatiques et aliphatiques (Rhili, Chergui et al. 

2021). 

 

 

Figure 1.4 (a) Spectre FTIR de l’OG et (b) spectre Raman de l’OG 

 

1.3.2.2 Microscopie électronique à balayage (MEB) et microscopie AFM de l’OG 

La microscopie électronique à balayage nous permet d’observer la morphologie des 

feuillets de l’OG. Cette technique a été utilisée pour la caractérisation de l’oxyde de 

graphène lyophilisé pour visualiser les différents feuillets de manière indépendante. 

L’image MEB de l’OG (figure 1.5a) montre de longs feuillets minces séparés les uns 

sur les autres dans le matériel après lyophilisation. Ces feuillets sont aussi continus 

sans défauts apparents. 

La microscopie AFM a été utilisée pour confirmer la morphologie de nos échantillons 

à l’échelle atomique et mesurer ainsi la taille et l’épaisseur des feuillets. La figure 1.5b, 
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représente l’image AFM de l’OG qui confirme une bonne séparation de feuillets d’OG 

selon la taille. 

 

 

Figure 1.5 (a) Microscopie électronique à balayage (MEB) et (b) Microscopie à 

force atomique (AFM) 

1.4 Oxyde de graphène réduit (rGO) 

L’OG présente une faible conductivité électrique entraînant un comportement isolant 

en raison de la perturbation de sa structure électronique durant le processus 

d’oxydation, ce qui empêche un transfert de charge efficace. Il est nécessaire de le 

réduire afin de restaurer des propriétés électriques et donc se rapprocher des propriétés 

du graphène (MacDonald, Veneman et al. 2012). 

L’oxyde de graphène réduit (rGO) a été préparé par la méthode de réduction 

hydrothermale. En bref, 100 mg d’OG ont été dissouts dans 100 ml d’eau désionisée et 

soumis à une sonication pendant 30 minutes pour obtenir une dispersion homogène. La 
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solution a été transférée dans un autoclave revêtu de téflon et chauffée à 200 oC pendant 

24 h, puis laissée à refroidir à la température ambiante pour obtenir un produit noir. Le 

rGO obtenu a été lavé plusieurs fois avec de l’eau désionisée et recueilli par 

centrifugation. Finalement, le produit a été séché dans un four sous vide à 60 oC 

(Kamila, Mohanty et al. 2017).  

1.4.1 Caractérisation de l’rOG 

1.4.1.1 Microscopie électronique à balayage du rGO 

L’image MEB de rGO (figure 1.6) présente une morphologie désordonnée avec des 

feuillets de carbone agglomérés les uns aux autres en raison de la réduction thermique.  

 

 

 

 

 

 

 

 

Figure 1.6 Image MEB de rGO 
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1.4.1.2 Diagramme XRD de l’GO et du rGO 

Le diagramme XRD de GO (figure 1.7) montre un pic de diffraction cristalline intense 

à 2θ = 10° avec une distance interplanaire de 0,85 nm, correspondant au plan (002). 

Après réduction, ce fort pic de diffraction du plan (002) dans GO se déplace vers une 

position d’angle plus élevé à 2θ = 15,62° pour le rGO. La distance interplanaire a été 

considérablement diminuée de 0,4 nm, en raison de l’élimination des groupes 

fonctionnels, confirmant ainsi la réduction (Oliveira, Braga et al. 2018). 

 

 

 

 

 

 

 

 

 

 

Figure 1.7 Diagramme XRD de l’OG et du rGO 
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1.5 Matériaux carbonés dopés aux hétéroatomes 

Récemment, les matériaux carbonés dopés aux hétéroatomes comme l’azote (N), le 

bore (B), le soufre (S) et le phosphore (P) sont devenus des candidats prometteurs 

exempts de métaux. Ces matériaux ont des applications d’électrocatalyse, tels que les 

réactions de réduction de l’oxygène (RRO) dans les piles à combustible (Li, Wei et al. 

2015, Qiao, Liao et al. 2015, Li, Wang et al. 2017) et les électrodes pour les 

supercondensateurs (Cheng, Yi et al. 2019, Zhou, Ye et al. 2020, Zou, Zhang et al. 

2020). De plus, l’ajout de P et de N aux matériaux polymères permettent d’augmenter 

leur stabilité thermique et leur retardement de flamme (Yuan, Hu et al. 2017, Zhang, 

Xu et al. 2019, Rhili, Chergui et al. 2021).  

Le graphène dopé par des hétéroatomes, appelé aussi substitution d’atomes de carbone 

par d’autres éléments chimiques, permet de modifier la structure électronique et les 

propriétés chimiques du graphène pour lui ajouter des propriétés de donneur ou 

accepteur d’électrons (Chen, Deng et al. 2015). 

Le dopage à l’azote est très largement étudié du fait de sa taille atomique similaire à 

celle du carbone (77 pm contre 70 pm) et à ses cinq électrons de valence, disponibles 

pour former des liaisons covalentes fortes avec le carbone, améliorant sa stabilité (Wu, 

Santandreu et al. 2016, Yanilmaz, Tomak et al. 2017). De plus, l’électronégativité de 

l’azote selon l’échelle de Pauling, plus élevée que celle du carbone (3.04 contre 2.55) 

ce qui permet de modifier la structure électronique du matériau et de créer des sites 

actifs pour catalyser les réactions électrochimiques (Guo, Shibuya et al. 2016). 

D’autres hétéroatomes sont utilisés pour le co-dopage du carbone tels que le N, le B, le 

S, ou encore le P. Ces hétéroatomes augmenteraient l’activité électrochimique en raison 

des effets électroniques synergiques de différents dopants (Chen, Sun et al. 2013, Gao, 

Fu et al. 2018). 
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L’introduction d’autres hétéroatomes fournit non seulement plus de sites actifs dans les 

réseaux de carbone, mais rend également les sites N plus catalytiquement actifs et plus 

efficaces. Les hétéroatomes les plus utilisés sont l’azote et le phosphore, ils 

appartiennent au même groupe dans le tableau périodique, mais le phosphore possède 

une capacité de donneur d’électrons plus élevée, ce qui est utile pour obtenir une 

propriété capacitive stable (Zhao, Wang et al. 2017). Par conséquent, nous pensons que 

la présence d’azote et de phosphore dans le carbone améliorerait considérablement les 

performances capacitives. 

L’hexachlorocyclotriphosphazène (HCCP) a été choisi comme dérivé pour préparer 

nos matériaux à base d’azote et de phosphore. Le HCCP (figure 1.8) est une molécule 

cyclique constituée d’une alternance de trois atomes de phosphore et trois atomes 

d’azote. De plus, il possède six atomes réactifs de chlore qui peuvent être facilement 

substitués par d’autres groupes comme l’amine. 

 

 

  

 

 

Figure 1.8 Structure chimique de l’hexachlorocyclotriphosphazène 
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1.6 Généralités sur les retardateurs de flammes 

Depuis plus de 70 ans, les matériaux polymères remplacent peu à peu les matériaux 

traditionnellement employés (bois, métaux) et nous entourent constamment sous 

diverses formes : produits de commodité (emballage, textile), polymères techniques 

(composites, matériel électronique) ou de spécialités (fibre optique). Tandis que ces 

matériaux fournissent de nombreux avantages, ils présentent un problème : ils sont plus 

combustibles que les matériaux qu’ils remplacent, ce qui signifie qu’ils s’enflamment 

plus facilement entrainant de graves conséquences en cas d’incendie. Afin de 

minimiser leur inflammabilité et les risques associés, des additifs ignifugeants ou 

retardateurs de flamme (RF) sont en général incorporés à l’état fondu dans les 

polymères (Wilkie and Morgan 2009, Zhang, Rong et al. 2018). 

1.6.1 La combustion des polymères 

La combustion est une réaction d’oxydo-réduction qui fait intervenir deux éléments en 

présence d’une source d’énergie: les combustibles (éléments réducteurs) et les 

comburants (éléments oxydants). Le comburant est généralement l’oxygène contenu 

dans l’air. L’association de ces trois éléments constitue le « triangle du feu » (Pédrot 

and Tabareau 2020) présenté sur la figure 1.9. 
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Figure 1.9 Schéma du triangle de feu 

 

La combustion est une réaction chimique fortement exothermique, autonome, 

susceptible de s’accélérer brutalement et d’être accompagnée d’émission de 

rayonnements (Renner, Mensah et al. 2021). C’est un phénomène complexe faisant 

intervenir de nombreux paramètres et se déroulant en quatre principales étapes : (1) 

l’échauffement, (2) la dégradation thermique, (3) l’ignition et la (4) propagation 

(figure 1.10). 
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Figure 1.10 Schéma du procédé de combustion d’un polymère (Dasari, Yu et al. 

2013) 

 

Le polymère est susceptible de s’enflammer au voisinage d’une source de chaleur au 

contact de l’air. L’échauffement provoque la dégradation thermique du matériau; les 

liaisons les plus faibles du polymère se cassent et produisent des radicaux qui réagissent 

pour former des molécules inflammables. Cette dégradation thermique (pyrolyse) 

donne naissance à différents composés solides, liquides et gazeux, mais surtout à des 

gaz combustibles. Ces derniers se mélangent à l’oxygène de l’air et conduisent à une 

phase gazeuse inflammable. Tant qu’il y aura libération de produits de dégradation et 

présence d’oxygène en quantité suffisante, la flamme sera autoalimentée et pourra se 

propager (Sinha Ray and Kuruma 2020). 
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1.6.2 Développement d’un incendie 

Un incendie commence par un départ de feu provoqué par une source de chaleur. Les 

phases principales du développement d’un feu sont présentées à la figure 1.11 en 

fonction de la température de l’environnement qui peut atteindre 1200 °C. La première 

phase correspond à l’échauffement du matériau par la source de chaleur.  

Les premières flammes vont d’abord apparaître et se propager à la surface du matériau 

embrasé. Le feu se propage ensuite à l’environnement proche et la température des 

lieux augmente rapidement: c’est la phase dite « feu en développement ». La 

température ambiante peut alors atteindre une valeur critique supérieure à la 

température d’auto-inflammation de tous les matériaux combustibles présents qui vont 

s’enflammer: c’est l’embrasement généralisé éclair (en anglais flashover). Le feu 

complètement développé se poursuit jusqu’à l’épuisement soit du combustible soit de 

l’oxygène. La décroissance du feu s’amorce alors et l’incendie finit par s’épuiser et 

s’éteindre de lui-même (Mariappan 2016). 

 

Figure 1.11 Les phases du déroulement d’un incendie (Friederich 2011) 
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1.6.3 Définition de retardateurs de flamme 

Les retardateurs de flamme (RF) sont des composés chimiques utilisés dans les 

polymères comme dans le mobilier ou les composés électroniques pour prévenir et 

empêcher la propagation de l’incendie. Les RF visent à freiner la propagation de 

l’incendie, d’augmenter le temps d’ignition, d’améliorer la capacité d’auto-extinction 

du polymère, de diminuer la quantité de chaleur, de fumées et de gaz toxiques libérés 

(CO, HCN, etc.) lors de leur combustion (Geyer, Jambeck et al. 2017).  

1.6.4 Différents retardateurs de flammes 

La consommation mondiale en RF était d’environ 7 milliards d’euros pour 

l’année 2018. Environ 90% de la production mondiale de retardateurs de flammes 

aboutit dans l’électronique et les plastiques, les tissus et les meubles se partageant les 

10% restants (Friederich 2011). Il existe quatre grandes catégories de composés 

retardateurs de flamme couramment utilisés : les inorganiques, les organophosphorés, 

les azotés et les halogénés (Sahyoun 2014).  

La première catégorie de RF est celle des composés minéraux dont les deux principaux 

sont le trihydroxyde d’aluminium (Al (OH)3, ATH), et hydroxyde de magnésium (Mg 

(OH)2, MDH) qui sont utilisés sous forme d’additifs. Cependant, pour qu’ils soient 

efficaces, il est nécessaire d’incorporer des pourcentages conséquents (jusqu’à 60% en 

masse), ce qui va donc entrainer une diminution importante des caractéristiques 

mécaniques (Herbiet 2000).  

La deuxième catégorie est celle des composés phosphorés organiques ou minéraux. Il 

s’agit principalement des esters phosphoriques. Ils présentent un large champ 

d’applications; sont utilisés dans les résines thermoplastiques et thermodurcissables, 

les mousses et polyuréthanes et dénotent une bonne efficacité en termes de sécurité des 
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incendies (Mizouchi, Ichiba et al. 2015). Les plus importants retardateurs de flammes 

contenant du phosphore sont : Les phosphates organiques, les polyphosaphates 

d’ammonium et les phosphates, les phosphonates, et les phosphinates (Ospina, 

Jayatilaka et al. 2018). 

La troisième catégorie de RF correspond aux composés azotés et comprend 

essentiellement la mélamine pure (figure 1.12), des dérivés de mélamine comme des 

sels d’acides organiques et inorganiques (acide borique et acide cyanurique). À haute 

température, la mélamine se décompose avec l’élimination de l’ammoniac, ce qui dilue 

le mélange de gaz combustibles et conduits à la formation de produits de condensation 

stables à la chaleur, comme le melam, le melem et melon (Herbiet 2000). 

 

Figure 1.12 Décomposition thermique de la mélamine et ses produits 

homologues 

 

La formation de melam, melem et melon génère des résidus dans la phase condensée, 

résultant par des processus endothermiques, également efficaces pour les propriétés de 

retard au feu (Costa and Camino 1988). 

La dernière catégorie de RF est celle des composés halogénés. Les RF halogénés 

représentent une large part du marché Européen et 30% en volume de la production 
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mondiale (Covaci, Voorspoels et al. 2003). Ils sont utilisés dans les applications 

électriques et électrotechniques, dans les traitements textiles, dans les produits de 

construction et dans les mousses polyuréthane. Les halogènes sont très efficaces dans 

le piégeage des espèces radicalaires formées lors du processus de combustion des 

matériaux et présentes au sein des flammes, permettant ainsi le ralentissement de feu. 

Malgré leurs efficacités reconnues, les retardateurs de flamme halogénés sont suspectés 

d’avoir des effets nocifs pour la santé et l’environnement. Cela a conduit les Nations 

Unies et diverses réglementations RoHS et REACH à interdire et limiter leur emploi et 

à encourager la recherche d’agents de remplacement (Leikach 2007).  

La figure 1.13 représente une espèce de dérivé chloré qui fut très utilisé en tant que 

retardateur de flamme. Le polychlorobiphényle (PCB) a été fabriqué pour servir 

comme isolant électrique ou comme lubrifiant dans l’industrie. L’exposition chronique 

à ce composé peut entraîner des dommages sur le foie, la reproduction et la croissance 

et ils sont suspectés d’être cancérigènes pour l’homme (Friederich 2011). 

 

 

 

 

 

Figure 1.13 Structure de PCB  
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Les recherches actuelles s’orientent ainsi vers l’utilisation de RF non halogénée. Les 

retardateurs de flammes contenant du phosphore et/ou de l’azote constituent une bonne 

alternative d’après de récentes recherches (Rhili, Chergui et al. 2021). 

1.6.5 Mode d’action des RF 

Différents modes d’action d’un RF : Un RF intervient soit par voie physique, soit par 

voie chimique dans la phase où se déroule la combustion (figure 1.14) (Maqsood and 

Seide 2020).  

 

Figure 1.14 Différents modes d’action d’un retardataire de flamme : (a) action 

physique du RF et (b) action chimique du RF 
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L’action physique du RF (figure 1.14a) peut se faire par refroidissement, dilution ou 

formation d’une couche protectrice : 

 Refroidissement : l’additif incorporé dans la matière polymère retarde la 

combustion par dégradation endothermique. Le trihydroxyde d’aluminium 

(ATH) fonctionne suivant ce principe et son efficacité est directement 

proportionnelle à la quantité d’additif introduite dans le matériau. 

 Dilution : ce processus met en jeu la libération des gaz inertes (H2O, CO2 ou 

NH3) dans la zone de combustion, ce qui diminue la température de flamme et 

provoque l’extinction. 

 Formation d’une couche protectrice : Le matériau est protégé de la chaleur et 

des flammes par une couche protectrice solide, à la suite de la formation d’un 

char (des résidus charbonnés), qui empêche également l’accès de l’oxygène 

nécessaire au processus de combustion vers l’échantillon. On parle d’effet 

barrière. 

L’action chimique (figure 1.14b) peut avoir lieu en phase gazeuse ou condensée : 

 En phase gazeuse, le RF inhibe les réactions radicalaires en neutralisant par 

piégeage les radicaux HO° et H° responsables de la propagation de la flamme. 

C’est le cas des composés halogénés qui vont libérer les radicaux (X°). Cela a 

pour conséquence le ralentissement de la réaction de combustion par coupure 

de la chaîne réactionnelle (Sai, Ran et al. 2022).  

 En phase condensée, le RF intervient en formant une couche charbonnée qui va 

isoler le matériau des flammes et de l’oxygène, et arrêter l’émission des gaz de 

dégradation du polymère vers l’extérieur (Lee, Yi et al. 2012). 
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Le Tableau 1.2 résume les principales classes de RF employées et les modes d’action 

qui leur sont associés (Döring and Diederichs 2007, Jiang, Gui et al. 2014). 

Tableau 1.2 Principales classes de RF et leurs modes d’action 
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1.7 Supercondensateurs (SC) 

Les systèmes de stockage d’énergie jouent un rôle important dans notre vie 

quotidienne. L’énergie spécifique, la puissance spécifique, la durée de vie, la fiabilité 

et la protection sont les paramètres les plus importants lors de la sélection d’un 

dispositif de stockage d’énergie (Zhang and Zhao 2009, Kandalkar, Dhawale et al. 

2010, Cao and Emadi 2011). 

Les supercondensateurs, les batteries et les condensateurs font partie des dispositifs 

énergétiques non conventionnels de stockage d’énergie. Leur fonctionnement est basé 

sur le principe de la conversion électrochimique de l’énergie. Ces dernières années, les 

SC ont pris une place importante dans le marché du stockage de l’énergie en raison de 

leur grande densité de puissance, leur longue durée de vie, leur faible sensibilité aux 

températures extrêmes et leur bas cout (Zhang and Zhao 2009, Kandalkar, Dhawale et 

al. 2010).  

Le diagramme de Ragone (figure 1.15) montre la place des supercondensateurs en 

termes de capacité de stockage et de puissance par rapport aux autres systèmes. Ce 

diagramme montre que les condensateurs électrolytiques possèdent une très grande 

densité de puissance, mais une très faible énergie spécifique. Ils sont utilisés 

généralement pour des constantes de temps de l’ordre de la microseconde. À l’opposée, 

les batteries possèdent des densités de puissance très faible et une énergie spécifique 

élevée. Elles peuvent être utilisées avec une constante de temps supérieure à la minute. 

En ce qui concerne la pile à combustible, c’est un convertisseur d’énergie et non pas 

un élément de stockage (Kim, Sy et al. 2015).  

Entre les batteries et les condensateurs électrolytiques, on trouve les 

supercondensateurs qui sont utilisés pour une utilisation de stockage de l’énergie avec 

une constante de temps inférieure à quelques dizaines de secondes. 
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Figure 1.15 Diagramme de Ragone permettant de comparer les principaux 

systèmes de stockage de l’énergie (Zhang, Zhang et al. 2011) 

 

Les supercondensateurs indifféremment appelés Condensateurs à double couche 

électrochimique (EDLC) possèdent une puissance instantanée plus importante que 

celle des batteries et une énergie plus grande que celle des condensateurs classiques. 

Leur durée de vie est plus élevée que celle des batteries (plusieurs centaines de milliers 

de cycles). 
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Le tableau 1.3 donne une comparaison des principales caractéristiques des 

supercondensateurs, des condensateurs et des batteries. 

Tableau 1.3 Comparaison des principales caractéristiques des batteries, des 

condensateurs et des supercondensateurs (Pandolfo and Hollenkamp 2006, Burke 

2007)  

 

D’après les donnes du tableau 1.3, les supercondensateurs possèdent une durée de vie 

théoriquement illimitée ; elle est cependant limitée par la dégradation de l’électrolyte, 

des fonctions de surface présentes sur le carbone ou encore par la corrosion des 

collecteurs de courant lors du cyclage en tension. Cependant, ils peuvent effectuer 

aisément 1 000 000 cycles (Burke 2007).  

Pour les mêmes raisons, un supercondensateur se charge en quelques secondes alors 

qu’une batterie nécessite un minimum de quelques minutes. De plus, le phénomène 

étant réversible, le rendement énergétique des supercondensateurs est de l’ordre de       

95% alors qu’il est inférieur à 80% pour les batteries. Tout ceci présente des avantages 
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par rapport aux batteries où ont lieu des réactions faradiques qui limitent la durée de 

vie, ainsi que le rendement de ces systèmes. De même un supercondensateur stocke 

plus d’énergie qu’un condensateur diélectrique. 

1.7.1 Principes de fonctionnement des supercondensateurs 

Les supercondensateurs sont constitués de deux électrodes de carbone déposées sur des 

collecteurs de courant métalliques imprégnées dans un électrolyte, entre lesquels un 

séparateur poreux assure l’isolation électronique. En effet, lorsqu’on applique une 

tension aux bornes d’un supercondensateur, on crée une zone de charge d’espace aux 

deux interfaces électrode-électrolyte. C’est ce que l’on appelle la double couche 

électrochimique (figure 1.16). Le stockage de l’énergie est donc électrostatique et non 

pas faradique comme dans le cas des batteries, puisqu’il n’y a pas de réaction 

électrochimique (Cao and Emadi 2011).  

 

 

 

 

 

 

 

 

Figure 1.16  Schéma d’un supercondensateur  
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1.7.1.1 La double couche électrochimique  

La double couche électrochimique a été décrite par différents modèles successifs. Le 

premier modèle (figure 1.17a) a été proposé par Helmholtz (du 19 -ème siècle), qui 

considère simplement la formation à l’interface électrode/électrolyte d’une couche 

d’ions, par exemple d’anions si l’électrode est chargée positivement (Helmholtz 1879). 

Le deuxième modèle (figure 1.17b) a été proposé pour la première fois par Gouy (Gouy 

1910) et Chapman (Chapman 1913) (début du 20e siècle). Ce modèle envisage la 

formation d’une couche diffuse liée à l’agitation thermique et au sein de laquelle le 

potentiel décroit de façon exponentielle. Finalement le modèle de Stern en 1924 (Stern 

1924) combine ces deux approches : il décrit la formation d’une couche compacte au 

voisinage proche de l’électrode puis d’une couche diffuse (1.17c). 

 La capacité de la double couche (Cdl) peut être représentée par la mise en série de deux 

capacités, la capacité de la couche compacte d’Helmholtz (CH) et la capacité de la 

couche diffuse de Gouy-Chapman et Stern (Cdiff). La capacité de la double couche est 

donnée par l’équation suivante : 

 

                                                                  (1) 
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Figure 1.17 Modèles de la double couche pour une électrode chargée 

positivement : (a) Helmholtz, (b) Gouy-Chapman et (c) Stern avec les plans interne 

(IHP) et externe (OHP) de Helmholtz. IHP correspond à la plus proche distance 

d’approche des ions et OHP à celle des ions non spécifiquement adsorbés, au-delà de 

laquelle débute la couche diffuse, d’après la référence (Zhang and Zhao 2009) 
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1.7.2 Technologie des supercondensateurs 

Un supercondensateur performant dépend de plusieurs facteurs, notamment le matériau 

d’électrode, l’électrolyte et le séparateur. Le matériau doit avoir des valeurs de capacité 

élevées et une grande surface (Sharma and Kumar 2020). 

1.7.2.1 Matériaux d’électrodes 

Le matériau de l’électrode joue un rôle important dans les performances du 

supercondensateur. Les électrodes doivent avoir une conductivité élevée, une stabilité 

en température, une bonne stabilité chimique (inertie), une surface spécifique élevée, 

une résistance à la corrosion, doivent être respectueuses de l’environnement et avoir un 

coût moindre (Lobato, Suárez et al. 2017, Poonam, Sharma et al. 2019). 

Cependant, la taille des pores des matériaux conducteurs détermine 

électrochimiquement la surface active, qui peut être ajustée simplement par 

l’introduction de nanostructures. Lorsque la taille des pores augmente, la distance entre 

les pores augmente et la capacité diminue (Raza, Ali et al. 2018). Plusieurs matériaux 

d’électrodes sont utilisés comme les matériaux à base de carbone, les oxydes 

métalliques et les polymères. 

1.7.2.2 Électrolyte 

Les électrolytes/solutions jouent un rôle essentiel dans la mise en place de propriétés 

importantes telles que la densité de puissance, la plage de température et la conductivité 

(Wang, Zhang et al. 2012). Ils sont utilisés pour la conduction ou le mouvement des 

ions. 
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Les paramètres importants pour la sélection d’un électrolyte sont les matériaux 

d’électrode, le type d’ions, la taille, la concentration et l’interaction ion-solvant (Raza, 

Ali et al. 2018). De plus, les électrolytes pour les supercondensateurs doivent avoir une 

large fenêtre de potentiel, une concentration ionique élevée, une bonne stabilité 

électrochimique, une faible résistance équivalente, moins de volatilité, moins de 

viscosité, la non-toxicité, un petit rayon d’ion solvaté et un faible coût (Wang, Zhang 

et al. 2012). 

Cependant, le choix de l’électrolyte joue un rôle important sur les performances d’un 

supercondensateur. Il peut affecter la capacité, la durée de vie et l’énergie ou la densité 

de puissance (Lai, Yang et al. 2012). 

1.7.2.3 Séparateur 

La construction des supercondensateurs fait également intervenir une membrane 

isolante poreuse, donc conductrice ionique, séparant les deux électrodes imprégnées 

d’électrolyte. Les séparateurs sont généralement formés à partir de films polymères tels 

que le polypropylène (PPE) ou à partir de papier cellulosique renforcé. Sa porosité doit 

être adaptée à l’électrolyte pour que la résistance de l’électrolyte dans le séparateur soit 

le plus faible possible (Willfahrt, Steiner et al. 2019). 

1.7.3 Applications des supercondensateurs 

Les supercondensateurs ont plusieurs applications (figure 1.18), ils sont utilisés pour 

stocker de l’énergie et sont utiles dans une certaine mesure par rapport aux batteries. 

La flexibilité des supercondensateurs, les matériaux utilisés pour l’électrode et 

l’électrolyte et le processus de stockage de charge régissent toutes les performances 

des supercondensateurs (Zhang and Zhao 2009). 
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Les premières applications ont longtemps été cantonnées à la sauvegarde de mémoire 

informatique, ils ont été rapidement utilisés pour l’alimentation des outils portables 

nécessitant des apports de puissance, comme les visseuses électriques, et plus 

généralement en électronique de puissance. 

Les supercondensateurs sont idéaux pour toute application ayant un cycle de charge 

court et des exigences de fiabilité élevées, telles que les sources de récupération 

d’énergie, notamment les grues de charge, les chariots élévateurs et les véhicules 

électriques. D’autres applications exploitent la capacité d’un supercondensateur à 

absorber et à libérer de l’énergie presque instantanément, comme la sauvegarde de 

l’alimentation d’usine (Kötz and Carlen 2000). 

 

Figure 1.18 Quelques applications des supercondensateurs : (a) récupération 

d’énergie, (b) sauvegarde de la mémoire et (c) stockage d’énergie  
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2.1 Résumé 

Une synthèse d’un retardateur de flamme à base d’oxyde de graphène (OG) 

fonctionnalisé avec de l’hexachlorocyclotriphosphazène (HCCP) et de la                            

p-Phénylèndiamine (p-PDA) a été réalisée avec succès. L’oxyde de graphène 

fonctionnalisé (FGO) a démontré une efficacité en tant que retardateur de flamme. 

L’analyse thermogravimétrique a démontré que l’ajout d’HCCP à l’oxyde de graphène 

lui permet une grande stabilité thermique et une meilleure résistance à la température 

ce qui lui confère une application comme retardateur de flamme. Une résine époxy 

(EP) thermodurcissable a été synthétisée par mélange d’éther diglycidylique de 

bisphénol-A (DGEBA) et de m-Phénylènediamine (m-PDA) comme durcisseur. Le 

FGO obtenu a été incorporé dans la résine époxy pour former des composites. Les 

propriétés ignifuges, le comportement de dégradation thermique et la combustion des 

composites ont été étudiés par TGA et par une flamme de brûleur Bunsen. La structure 

chimique de FGO a été caractérisée par des techniques spectroscopiques et 

d’imageries, telles que la résonance magnétique nucléaire à l’état solide (RMN), la 

spectroscopie infrarouge à transformée de Fourier (FTIR), la spectroscopie Raman, 

l’analyse thermogravimétrique (ATG) et la microscopie électronique à balayage 

(MEB). Les résultats obtenus par FTIR révèlent la présence de groupes (P=N) et (P-N) 

caractéristiques de l’HCCP ce qui indique le bon ancrage de HCCP sur l’oxyde de 

graphène. Le spectre Raman démontre la présence de deux bandes D et G représentatifs 

de la structure d’oxyde de graphène après l’ajout de l’HCCP. 
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2.2 Abstract 

Flame-retardant composite was synthesized through a simple graphene oxide 

functionalization route with hexachlorocyclotriphosphazene and p-phenylenediamine. 

Flame experiments conducted on the synthesized composite proved its importance as 

tremendously resistant to fire. The thermogravimetric analysis (TGA) shows clearly 

that the functionalized graphene oxide (FGO) exhibits an enhanced thermal stability 

and better temperature resistance. A thermoset epoxy resin was prepared by 

incorporating different percentages (2, 5, and 10%) of FGO to diglycidyl ether of 

bisphenol A (DGEBA). The flame-retardant properties, thermal degradation behavior, 

and combustion of the DGEBA thermosets cured by m-phenylenediamine were 

investigated using a Bunsen burner flame approaching the flame temperature of a fire 

and TGA. The chemical structure of FGO was characterized with spectroscopic and 

imaging techniques including Fourier transform infrared spectroscopy, Raman 

spectroscopy, X-ray diffraction, TGA, scanning electron microscopy, energy-

dispersive X-ray spectroscopy elemental mapping, and X-ray photoelectron 

spectroscopy. Due to its high flame-retardant capabilities, such a composite could 

promise potential applications in the manufacture of inflammable materials for 

different uses. 

Keywords: Graphene oxide, hexachlorocyclotriphosphazene, flame retardant, epoxy 

resin, thermal stability. 
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2.3 Introduction 

Synthesis and applications of graphene and graphene oxide (GO) have been the 

subjects of numerous studies in recent years.  Graphene exhibits inert properties 

towards chemical reactions, which limit their use as potential reagents for further 

chemical syntheses and applications. Despite of graphene, GO is a very promising 

material for various applications in chemical synthesis (Brisebois and Siaj 2020). 

The presence of  many oxygen atoms in form of hydroxyl and epoxide functionalities 

on the basal plane of graphene sheets, as well as carbonyl and carboxyl moieties on the 

edge of the sheets, renders this material as a potential reagent for various chemical 

applications (Stankovich, Dikin et al. 2006). These applications included use of GO as 

catalysts in Friedel-Crafts reactions,(Kumar and Rao 2011) oxidation (Dreyer, Jia et al. 

2011) esterification (Qi, Xu et al. 2013) and Knoevenagel condensation reactions 

(Islam, Roy et al. 2014) and Diles-Alder reaction (Brisebois, Kuss et al. 2016). 

Kaviyarasu et. al studied the effect of GO/ZnO material in photocatalytic applications, 

such as reduction of Cr(IV) compounds (Kaviyarasu, Magdalane et al. 2015).  

Further applications of GO materials were reported by Maaza and co-workers; such 

applications include irradiation of Cu+2 ions on Co3O4-NiO-ZnO/GO nanowire and its 

effect on different electrochemical properties of the material (Obodo, Ahmad et al. 

2020). Analytical studies were also conducted by Bajjou et. al regarding charge carrier 

dynamics and the effect of pH on optical properties of porphyrin-graphene oxide 

composites (Bajjou, Bakour et al. 2018). 

Numerous studies were conducted on the functionalization of GO with different 

positional isomers of phenylenediamine (PDA), pertaining to the plethora of 

applications for the materials obtained, including but not limited to anticorrosive 

agents, (Hwang, Kim et al. 2019) removal of heavy metals and other contaminants from 
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water (Jin, Huang et al. 2019, Kandjou, Perez-Mas et al. 2019) and preparation of 

superhydrophobic surfaces (Wang, Yu et al. 2017). 

Studies of the electrochemical properties of PDA functionalized GO (GO-PDA) have 

received the highest interest (Zou, Zhong et al. 2016, Pisarevskaya, Ehrenburg et al. 

2017, Rajagopalan, Kim et al. 2017, Yang, Shin et al. 2018, Chang, Xia et al. 2019). 

For instance, Dasariet.al reported a facile functionalization of GO with                                

p-Phenylenediamine (p-PDA) to produce a material (GO-p-PDA) that showed a sharp 

increase in electrical conductivity compared to pure GO. Incorporation of the obtained 

GO-p-PDA material into electrically insulating polypropylene produced a new 

electrically conducting composite (Dimiev, Alemany et al. 2012).  

Wong and co-workers reported a detailed study on the functionalization of GO with     

o-PDA, m-PDA, and p-PDA, showing that m-PDA and p-PDA enlarged the graphene 

interlayer spacing by 1.3 and 1.41 nm, respectively, and showed considerable 

improvement of electrical capacitance (Song, Choi et al. 2016). Yuan and co-workers 

showed that grafting of the HCCP- p-PDA to GO improved the flame retardancy of 

polypropylene (Yuan, Hu et al. 2017). Though Yuan’s FGO showed good flame 

retardancy, the use of Ni(OH)2 was necessary to further improve flame retardancy, and 

the maximum residual char yield they obtained was only 8.5% when 2% of their 

FGO/Ni(OH)2 was incorporated on polypropylene (Yuan, Hu et al. 2017).  

The phosphazenes materials are polymers with transition nitrogen and phosphorus 

atoms known for their high thermal and chemical stabilities. The cyclic 

polyphosphazene ([PCl2N]3) obtained during phosphazene ring synthesis (Davy, Xie et 

al. 1991) shows exceptional properties, which impose it as one of the most interesting 

subjects of thermal and chemical stabilities studies (Singler, Hagnauer et al. 1974, 

Wisian-Neilson, Allcock et al. 1994).  
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In fact, its connection with other material allows increased properties as their thermal 

and flame-retardants (Kumar, Fohlen et al. 1983, Kumar, Khullar et al. 1993). Herein, 

we investigate the properties of polyphosphazenes/p-PDA/GO (HCCP- p-PDA 

functionalized GO) composite as flame retardant. To obtain FGO product as efficient 

flame-retardant, the graphene oxide (GO) was successfully functionalized with 

hexachlorocyclotriphosphazene (HCCP) and p-phenylendiamine (p-PDA). Then, 

different percentage of FGO was incorporated into the epoxy resin DGEBA in situ 

curing polymerization to enhance the thermal stability of composites. The typical 

preparation procedure to FGO is illustrated in figure 2.1. 

 

Figure 2.1 Schematic representation of the preparation route of FGO 

2.4 Results and discussion 

2.4.1 Characterization of FGO 

The functional groups of the obtained products GO, HCCP and FGO were 

characterized by FTIR spectroscopy. Figure 2. 2a, shows the FTIR spectrum of GO 

with different peaks of the characteristic functional groups due to oxidation. The GO 

has a broad band characteristic of the hydroxyl functions at 3315 cm-1 C-OH and C=O 

stretching vibrations at 1735 cm-1 frequencies of the–COOH. The peak at 1635 cm-1 

belongs to the aromatic C=C vibrations. The peaks at around 1225 cm-1 and                  
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1061 cm-1 corresponding to phenolic C-O and epoxy C-O-C groups, respectively, 

similar to the previous literature (Mo, Gou et al. 2012, Yuan, Hu et al. 2017). 

Some new absorption peaks in the spectrum of FGO appear at around 1170 cm-1 and 

834 cm-1 corresponding to the groups P=N and P-N in the starting material 

(hexachlorocyclotriphosphazene) (Verma and Dutta 2015) which indicated that the 

phosphazene ring structure is not destroyed during the reaction. Meanwhile, another 

important peak appearing at 938 cm-1 was assigned to the stretching P-NH-Ph, (Zhang, 

Xu et al. 2019) which indicated the occurrence of copolymerization between HCCP 

and p-PDA. The peaks at 3330 cm-1, 1511cm-1, and 1386 cm-1 are assigned to N-H 

stretching, C-N stretching and N-H bending (Yuan, Hu et al. 2017) respectively.  

The P-Cl peak at 660 cm-1of HCCP (Yuan, Hu et al. 2017) disappeared in the FGO 

indicating that a nucleophilic substitution of HCCP by p-PDA had taken place. Hence, 

FTIR analysis confirms the functionalization of graphene oxide by HCCP. In parallel, 

Raman spectroscopy was used to investigate the quality of the carbon nanomaterials of 

GO and functionalized FGO. As shown in figure 2. 2c, the Raman spectrum of GO 

shows two prominent peaks at 1345 cm-1 and 1584 cm-1, corresponding to the D and G 

bands, respectively. The D band relates to the mode of radial vibration of the aromatic 

cycle and is related directly to the defects in the structure, while the G band comes from 

the mode of vibration associated with stretching of the C = C sp2 links in the plane for 

the aromatic and aliphatic cycles (Zhang, Zhang et al. 2011). 

Compared to the Raman spectrum of GO, the Raman spectrum of FGO also contains 

both D and G bands at 1383 cm-1 and 1556 cm-1, respectively. It is clear that the G band 

was broadened and shifted with higher intensity, while the D-band around 1383 cm-1 

can be deconvoluted into two Lorentzian components which can be used to assess the 

degree of the defect, which could be attributed to the Raman mode activated by the 

distortions (Bao, Song et al. 2012). We agree that the D band is related to sp3 c atoms. 

However, we believe that the preparation route of FGO does not increase the amount 
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of the sp3 carbon species. The addition between the cyclophosphazene and                       

p-Phenylenediamine (p-PDA) involves the carboxylic moieties instead of the ethylenic 

double bond. In parallel, the ratio between D (D1+D2) peak and G peak 

intensities (I(D)/I(G)) leads to the amount quantification of the defect in the material. 

Measurements of ration (I(D)/I(G)) for GO and FGO material were collected. The 

(I(D)/I(G)) of FGO was 0,43 and (I(D)/I(G)) of GO was 0,83. These changes could be 

assigned to the grafting of HCCP and p-PDA molecules into the hexagonal structure 

of carbon atoms, which corresponds to an increase of structural disorder (sp3 defects) 

(Stankovich, Dikin et al. 2007). This supposition will be confirmed by XRD analysis.   
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Figure 2.2 (a) FTIR spectra of GO, HCCP and FGO, (b) NMR spectra 13C of GO 

and FGO, (c) Raman spectra of GO and FGO, (d) 31P spectra of FGO 
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Solid-state NMR was used to clarify the molecular structure of FGO. The Solid state 

13C magic angle spinning (MAS) NMR spectrum of GO and FGO are depicted in   

(figure 2.2b), the NMR spectrum of GO reveals several peaks at 61 ppm (C-O-C),         

70 ppm (C-OH), 101 ppm (O-C-O), 100-140 ppm (C=C sp2), 164 ppm (C=O 

carboxylic acid) and 190 ppm (C=O), all are in good agreement with previously 

reported work (Aliyev, Filiz et al. 2019). 

  

However, the typical GO resonances were also observed in the solid-state 13C NMR 

spectrum of the FGO, with the appearance of new peaks at 0-50 ppm, which correspond 

to the amine bonds (C-NH-R2). Moreover, two strong signals between 100 and 140 

ppm associated to sp2 carbon atoms are observed, suggesting that they are more 

graphite-like (Khandelwal and Kumar 2015). These results confirm that the p-PDA is 

indeed incorporated on the surface of GO. Solid state 31P NMR was used to identify 

the chemical environments of phosphorus.  

As shown in the figure 2.2d, a single peak at 2.5 ppm, confirming the total substitution 

of chlorines by amines. A very small peak appears at 18 ppm corresponds to unreacted 

P-Cl, as phosphorous would have different chemical environment. The peaks indicated 

with asterisks are sidebands (Crouzet and Leclercq 2000, Fan, Zhu et al. 2014). 

XPS was employed to detect the surface composition and chemical component of GO 

and FGO, the results are tabulated in table A.1 and shown in figure A.3† (see 

Appendice A). The survey XPS spectrum of FGO shows three new peaks attributing 

to N 1s, P 2p and P 2s. Meanwhile, no Cl peaks is observed (figure A.3a), implying the 

Cl atoms in HCCP have been completely substituted with phenyl amine group of p-

PDA (Zhang, Xu et al. 2019). High-resolution XPS spectra are shown in figure A.3 

b.d.  

The C 1s spectrum of GO (figure A.3b) presents four types of carbon: C-C (285.7 eV), 

C-OH (287.9 eV), C-O-C (288.6 eV) and C=O (289.7 eV), which is in good agreement 
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with earlier work results (Yuan, Bao et al. 2014, Yuan, Hu et al. 2017) C 1s spectrum 

of FGO (figure A.3c) also indicates the appearance of C-O-P/C-N groups (285.9 eV) 

(Yuan, Hu et al. 2017) which confirms the successful modification based on GO. 

Furthermore, the intensity of oxygen functional groups in FGO decreases, which can 

be ascribed to the functionalization with polyphosphazenes containing phosphorus and 

nitrogen. The high-resolution spectra of N 1s for FGO (Figure a.3d) shows that there 

exist three chemical species of nitrogen:  P=N (397.8 eV), P-NH-Ph (399.5 eV) and  

Ph-NH2 (400.1eV) (Zhang, Xu et al. 2014) suggesting that the HCCP and p-PDA were  

grafted onto the surface of the GO nanosheets. 

The X-ray diffraction pattern was used to study the crystal structure and interlayer 

distance of nanosheets in GO and FGO. As shown in figure A.2†, the XRD pattern of 

pristine GO has a sharp diffraction peak located at 2θ=10.09°, indicating the crystalline 

structure of GO with the interlayer distance of 8.5Å, which corresponds to (002) plane 

due to the formation of oxygen-functional groups (Hydroxyl, carboxyl, and epoxy). A 

smaller peak appeared at 2θ = 42.48° (d = 2.9 Å), corresponding to (100) plane, which 

is in good agreement with previously reported results (Marcano, Kosynkin et al. 2010). 

However, in the XRD pattern of FGO, the (002) plane diffraction peak shifts to a 

higher-angle position at 2θ = 15.62° leading to decrease in the interlayer distance              

d = 5.7Å by calculation with the Bragg equation (Pu, Ma et al. 2013) which indicates 

the conversion of GO into FGO. The peak corresponds to the (100) plane shifted to               

2θ = 47.25°. A new weak peak was observed at 2θ = 22° indicating that the π -π stacking 

of the GO was functionalized.(B 2018). Moreover, the presence of a board diffraction 

peak on the spectra at around 2θ = 22-34°, suggests that the structure of FGO is 

amorphous, which could be confirmed by selected area electron diffraction (SAED) 

patterns (figure A.4†). 
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Figure 2.3 (a) SEM image GO, (b) TEM image of GO, (c) SEM image of FGO,  

(d) TEM image of FGO, (e) HRTEM of FGO, (f) TEM EDX spectrum of FGO and (g) 

Elemental mapping images of C, P, N and O components of FGO 
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The SEM image in figure 2.3a presents the morphology of the obtained GO in the form 

of wrinkled sheets separated from each other and closely linked together, which 

confirms the accuracy of our synthesis. Compared to GO, the SEM of FGO (figure2. 

3c) shows a compact morphology which indicates that the functionalization has been 

achieved. With a higher magnification (figure 2.3b), the TEM image shows that the 

GO nanosheets are almost transparent and have no structural defect.  

However, the TEM image of the FGO (figure 2.3d) demonstrates that a different 

structure with dark spots incorporated and distributed on the GO nanosheets. The high-

resolution transmission electron microscopy image (HRTEM) of GO clearly shows the 

nature of nanosheets as well as the thickness of the GO (figure 2.3e). The spacing 

between two adjacent monolayers is 0.290 nm, which is consistent with the value of 

GO interlayer spacing of the (100) plane also obtained from SAED measurements 

(figure A.4A†). 

Representative HRTEM and SAED images of the FGO are also shown in (figure 

A4B†), implying a low degree of crystallization. Energy dispersive X-ray spectroscopy 

(EDS) was used to follow the surface elements in FGO. The presence of N and P atoms 

on the FGO nanosheet is confirmed by signals in the EDX spectrum (figure 2.3f). 

Elementary mapping was performed to reveal the uniform distribution of atoms on the 

surface of the FGO: Phosphorus (blue), oxygen and chlorine (black), nitrogen (red) and 

carbon (green) (figure 2.3g). 

TGA was used to follow the FGO thermal stability and the variation in mass loss for 

GO and functionalized GO with HCCP as a function of temperature under a nitrogen 

atmosphere (figure 2.4). As control experiment, compared to GO the TGA thermogram 

of HCCP clearly shows a sharp mass loss from 60 °C to 180 °C, which is attributed to 

the sublimation of HCCP. For freshly synthesized GO, the TGA thermogram shows 

three stages of mass loss. The first mass loss below 100 °C was attributed to the 

removal of residual moisture (Du, Wang et al. 2012). The second stage between         
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190-220 °C, corresponds to the decomposition of the various labile oxygen functional 

groups, such as the hydroxyl group (∼36 wt%).  

However, the last stage between 680-900 °C, corresponds to the total mass loss with 

about (∼24wt%) char residues. Therefore, the GO is thermally unstable, indicating that 

it could not be used individually as an efficient flame retardant for polymers (Chen, 

Liu et al. 2018). After functionalization, FGO has a mass lossaround (∼9 wt%) at a 

190-220 °C range compared to that of the GO (∼36 wt%), indicating that the thermal 

stability is greatly improved. The mass loss above 300 °C in the TGA curve of FGO 

principally belongs to the decomposition of HCCP. Importantly, the char residues of 

FGO between 680-900 °C is increased to (∼39 wt%) compared to that of the GO     

(∼24 wt%). Consequently, the good thermal stability for the FGO is explained by the 

elimination of the various oxygen-containing groups present on the GO, which were 

used as links with the HCCP. 

 

 

 

 

 

 

 

 

Figure 2.4 TGA curve of GO, HCCP and FGO 
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2.4.2 Thermal stability and thermal decomposition 

The thermal stability of EP and its composites EP@GO and EP@FGO is investigated 

by TGA under a nitrogen atmosphere. TGA and differential thermogravimetric (DTG) 

curves are displayed in figure 2.5, and the detailed data are tabulated in table A.2.     

T10% is defined as the temperature at which the mass loss is 10%. Tmax is the 

temperature when the mass loss of the sample reaches its maximum. The degradation 

of pure EP and its composites have two mass loss stages.  

The first stage is at 250-400 °C, it can be seen that the EP composites display a first 

maximum degradation temperature lower than that of the pure EP, which shows that 

the P-N-containing FRs decompose preferably at a lower temperature in order to 

catalyze carbonization of the EP matrix (Zhang, Xu et al. 2019). The second stage 

occurs between 400-500 °C, indicating that EP@FGO composites exhibit higher 

thermal stability than the pure EP. Therefore, EP@FGO composites decompose slower 

at high temperatures, due to the strong interfacial interactions between the FGO layers 

and the EP matrix, which can increase the thermal degradation activation energy of the 

composites (Bao, Guo et al. 2012).  

As shown in table A.2, after pyrolysis at 800 °C the char yield ratio increases 

remarkably with increasing phosphorus and nitrogen content. The char yield of 

EP@FGO 2% is progressively increased to 18.3%, higher than those of pure EP or 

EP@GO 2%. Furthermore, the char yield of the EP@FGO composites is increased to 

23% in EP@FGO 10%, which demonstrates that FGO can retard the decomposition of 

the composite. The main reason behind this phenomenon for this retarded 

decomposition is that FGO sheets are well distributed in EP matrix and form linkages 

with EP segments to effectively increase the intermolecular cross linkage density (Lei, 

Xia et al. 2016). 
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On the other hand, FGO catalyzes the char formation of polymer matrix EP due to 

HCCP, and therefore lower the rate of maximum mass loss to produce an additional 

protective residue rich in phosphorus and nitrogen. As shown in DTG curves (figure. 

2b), it is clear that maximum mass loss rates of the composites are attenuated by FGO 

is about 45% (EP@FGO10%), because of the enhancement in the char formation and 

to the excellent physical barrier effect provided by the FGO sheets, which can 

decelerate the heat transfer (Chen, Liu et al. 2018). 

 

 

Figure 2.5 (a) TGA and (b) DTG thermograms of the pure epoxy EP and its 

composites under nitrogen 
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2.4.3 Flammability tests 

In order to understand the different inflammability characteristics between EP, 

EP@GO and EP@FGO, a flame test was performed to confirm the flame-retardant 

effect. For this purpose, the different polymers have been modulated in the form of 

pellets for practical application (as shown in figure 2.6).  

 

 

Figure 2.6 Photographic image of the different foams and pellets: (a) pure EP, (b) 

EP@GO and (c) EP@FGO 
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The sample pellets were exposed vertically to a Bunsen burner flame approaching the 

flame temperature of a fire, then were recorded by a digital camera at different stages 

of the combustion experiments and are shown in figure 2.7. 

 

 

Figure 2.7 Photographs of the burning behavior of (a) Pure epoxy EP,                  

(b) EP@GO and (c) EP@FGO during a vertical burning experiment 
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It is clearly observed from these photographs that the pellets of pure epoxy EP and its 

composite EP@GO immediately caught fire, releasing a large flame whose 

propagation was total, while the epoxy functionalized with flame retardant (EP/FGO) 

only exhibited slight combustion and almost non-existent propagation. After applying 

a flame for 8 s, the pure EP still burned with severe flaming drips, indicating a highly 

combustible behavior. However, in the case of the EP@FGO, one of the fascinating 

characteristics of the combustion is that it just burned lightly with a little flame and 

extinguished by itself within 10 s while keeping its initial form.  

At the end of the combustion experiment, it is interesting to observe that part of the 

surface of the epoxy composite was covered with a network of expanded carbon, 

indicating that this epoxy composite formed an effective carbon that was able to impede 

heat transfer and the spread of flame during combustion. These results demonstrate the 

flammability of epoxy thermosets linked to phosphazene due to the presence of a 

unique combination of phosphorus and nitrogen. Finally, we have found the retarding 

effect has been produced with the incorporation of only 2% by weight of FGO in the 

epoxy resin EP. 

2.5 Conclusion 

A new method for the preparation of functionalized graphene oxide (FGO) is revealed 

in this study. The obtained FGO prepared via reaction of 

hexachlorocyclotriphosphazene and p-phenylendiamine with GO showed excellent 

thermal stability as shown by TGA analysis, as well as excellent flame-retardant 

capabilities as proved by flame tests. Effect of epoxy resins incorporation on GO and 

FGO was also studied, and experiments showed that EP@FGO showed much more 

enhanced fire resistance. Functionalization of graphene oxide by HCCP and PDD was 

closely monitored by different spectroscopic techniques including FTIR, Raman 

Spectroscopy, and Solid-State NMR.  
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Imaging techniques including SEM, EDX elemental mapping, XPS, and high-

resolution TEM showed clear structural differences between GO and FGO, as well as 

proved the presence nitrogen and phosphorous on FGO. The incorporation of the 

phosphazene rings in the epoxy resin provides good non-flammability due to the unique 

combination of phosphorus and nitrogen. Further studies involving incorporation of 

different cyclophosphazene derivatives on GO and studying their potential 

electrochemical properties are currently underway. 

2.6 Experimental Section 

2.6.1 Experimental methods 

2.6.1.1 Materials 

Graphite powder (mesh size ≤100μm), p-Phenylenediamine (p-PDA), 

hexachlorocyclotriphosphazene (HCCP), potassium carbonate (K2CO3), concentrated 

sulfuric acid (H2SO4, 98%), potassium permanganate (KMnO4), hydrogen peroxide 

aqueous solution (H2O2, 30%), phosphoric acid (H3PO4, 88%), hydrochloric acid 

(HCl), toluene, acetone, methanol, Bisphenol A. diglycidyl ether, (DGEBA) and           

m-phenylenediamine (m-PDA) were supplied from Sigma-Aldrich (Oakville, ON, 

Canada). De-ionised (DI) water was produced by a water purification machine       

(Milli-Q® Reference). Toluene was dried by 4 Å molecular sieves before being used. 

2.6.2 Characterization Methods 

Fourier transform infrared (FTIR) spectroscopy was acquired on a Nicolet smart 

iTR 6700 spectrometer in the wavenumber range of 4000–500 cm-1 (Thermo-Nicolet, 

Madison, WI). Data were analyzed using OMNIC® software (Thermo-Nicolet, 
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Madison, WI). The X-ray diffraction (XRD) was performed using a diffractometer 

(Bruker D8 Advance) with Cu-Kα radiation (λ = 1.54182 Å) in an angular interval from 

20° to 100° at room temperature. X-ray photoelectron spectroscopy (XPS) data for 

elemental composition and valence information was collected with XPS PHI 5600-ci 

(Physical Electronics, Eden Prairie, MN, USA). The morphology of materials was 

obtained with a scanning electron microscope (SEM) by utilizing a JEOL (JSM7600F) 

operated at 10 kV accelerating voltage and a working distance of 14 mm using 

secondary electron imaging mode. Transmission electron microscopy (TEM) and 

Energy-dispersive X-ray spectroscopy (EDS) was performed on a Joel JEM-2100F. 

Thermal gravimetric analysis (TGA Q500/Discovery MS) meter was used to measure 

the thermal stability under nitrogen (N2) with a heat ramp of 5 °C /min between 30 and 

1000 °C. Raman measurements were acquired on a Renishaw in Via microspectrometer 

using a 50X objective and a 514 nm laser wavelength. 13C and 31P MAS NMR spectra 

were recorded using a 400 MHz solid-state Bruker Advance III HD spectrometer 

(Milton, ON, Canada), operating at frequencies of 150.874 MHz for C13 and 162 MHz 

for P31. Cross‐polarization with the magic angle spinning (CP/MAS) technique was 

adopted. 

2.6.3 Synthesis of the GO by the modified hummers method 

Graphene oxide was obtained according to the modified Hummers method 

(Katsnelson, Novoselov et al. 2006). Briefly, (3 g) of graphite flakes was mixed with 

(360 ml) of concentrated acids H2SO4 and (40 ml) of 85% H3PO4. Then, 18 g of KMnO4 

was added gradually for 10 minutes. The reaction mixture was heated at 50 oC for 4 

hours with continuous stirring. To promote exfoliation of graphite oxide, short periods 

of ultrasonication (4×) were applied every hour (15 min) during the reaction (4 h). 

When the reaction was over, the suspension was neutralized with a mixture of ice water 

containing 30% H2O2 (10 ml) with strong release of gas. The suspension was 
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centrifuged and washed several times with deionized water (250 mL) 10% HCl solution 

(250 mL) and anhydrous ethanol (2 x 250 mL).  

The obtained light brown material was finally precipitated in anhydrous ether          

(1000 mL) and dried in a vacuum oven for 24 h at 40 °C yielding 4.9 g of a crude 

mixture of graphite/graphene oxide. Finally, the crude product (4.9 g) containing a 

mixture of graphite and graphene oxide was diluted in NanoPure water (1L) with 

stirring and sonication until complete homogenization to have a concentration of          

4.9 g/L, and the solution was stored at room temperature. 

2.6.4 Preparation of functionalized Graphene Oxide by 

hexachlorocyclotriphosphazene 

Graphene oxide (100 mg) was dissolved in anhydrous toluene (10 mL), sonicated for 

30 min at ambient temperature and then stirred with a mechanical stirrer to form a 

brownish black slurry. 1.40 g of K2CO3 was added to the GO suspension, and then 

HCCP (348 mg, 1 mmol) dissolved in toluene was added dropwise to the mixture with 

continuous stirring under N2 protection. Then (325 mg, 3 mmol) of p-PDA dissolved 

in toluene was slowly added to the mixture. Afterwards, the reaction was refluxed and 

maintained at 60 °C for 72 h. Finally, the obtained FGO was filtered by suction 

filtration and washed copiously with deionized water and methanol, and then dried 

under vacuum at 70 °C for 24h to yield a light violet-brownish solid. 

2.6.5 Preparation of polymer composites EP@GO and EP@FGO 

A flammable epoxy resin (EP) was carried to be mixed with GO and FGO (see the 

supporting information). The EP was prepared by mixing an epoxy precursor the 

bisphenol A diglycidyl ether (DGEBA) and the m-Phenylenediamine (m-PDA) as 

hardener (figure A.1†) (Liu, Tang et al. 2012). The main monomer of this type of resin 
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has two very electrophilic epoxy functions, which will react with different nucleophilic 

functions of graphene oxide (COOH and OH). In parallel, the hardener could react with 

epoxy functions as well as with halogenated reactive sites present on phosphazene. For 

flame retardant testing, various composite was carried out, such as the EP (100%), the 

EP loaded with graphene oxide (EP@GO) comprising 2% by mass ratio of (GO) and 

the EP loaded with the functionalized graphene oxide (EP@FGO), 2%, 5% and 10% 

as mass ratio of FGO in total mass. Prior to the composite preparation GO and FGO 

was dissolved in acetone, which we added to the prepared EP. The reaction mixture 

was stirred at 40 °C in a water bath to evaporate the acetone.  

Finally, the mixture was kept in a vacuum oven at 80 °C for 45 minutes until the 

polymers (foams) become dray, see figure 2.6 in flammability tests section. 
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3.1 Résumé 

Une synthèse des cyclomatrix polyphosphazène type-microsphères par polymérisation 

en un seul pot entre l’hexachlorocyclotriphosphazène (HCCP) et la                                        

p-phénylènediamine (p-PDA) en présence de triéthylamine (TEA) en tant que produits 

ignifuges a été réalisé avec succès. Une résine époxy thermodurcissable a été préparée 

en incorporant différents pourcentages (2, 5 et 10 %) de C-PPZ à l’éther diglycidylique 

de bisphénol A (DGEBA). Les résultats révèlent que la taille et la morphologie des 

microsphères changent progressivement en changeant la température de 100, 120 et 

200 oC. La taille moyenne des C-CPPZ a progressivement augmenté de 3,12 µm, 

4,9 µm à 7,7 µm, à mesure que la température est augmentée de 100, 120 à 200 oC, 

respectivement. L’analyse thermogravimétrique (TGA) a montré que les microsphères 

de C-CPPZ ont une bonne stabilité thermique jusqu’à 900 oC avec environ ∼10 wt % 

de perte de masse pour les C-CPPZ formés à 200 oC par rapport à ∼30 wt % de perte 

de masse pour celles obtenues à 100 et 120 oC. Les microsphères C-CPPZ résultantes 

ont été caractérisées par des techniques spectroscopiques et d’imagerie, notamment la 

spectroscopie infrarouge à transformée de Fourier, la spectroscopie Raman, la 

diffraction des rayons X, la microscopie électronique à balayage, la cartographie 

élémentaire par spectroscopie à rayons X à dispersion d’énergie et la spectroscopie 

photoélectronique à rayons X. 
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3.2 Abstract 

Highly cross-linked inorganic and organic hybrid cyclomatrixpolyphosphazenes 

microspheres (C-PPZs) have been successfully synthesized by a one-pot 

polymerization technique between hexachlorocyclotriphosphazene (HCCP) and             

p-Phenylenediamine (p-PDA) in the presence of triethylamine (TEA), and it was used 

for enhancing the flame retardancy of epoxy resins (EP). A thermoset epoxy resin was 

prepared by incorporating different percentages (2, 5, and 10%) of C-PPZs to 

diglycidyl ether of bisphenol A (DGEBA). The results reveal that the size and the 

morphology of the microspheres can be tuned by varying the synthesis temperature. 

The average size of C-CPPZs gradually increased from 3.123 µm, 4.963 µm, to        

7.762 µm, as the temperature is increased from 100 oC, 120 oC to 200 oC, respectively. 

The thermogravimetric analysis (TGA) showed that the C-CPPZs microspheres have 

good thermal stability up to 900 oC with about ∼10 wt % mass loss for the C-CPPZs 

formed at 200 oC compared to ∼30 wt % mass loss for those obtained at 100 and                 

120 oC. The resulting C-CPPZs microspheres were characterized with spectroscopic 

and imaging techniques including Fourier transform infrared spectroscopy, Raman 

spectroscopy, X-ray diffraction, scanning electron microscopy, energy-dispersive X-

ray spectroscopy elemental mapping, and X-ray photoelectron spectroscopy. 

 

Keywords: Cyclomatrix, hexachlorocyclotriphosphazene, flame retardant,                       

p-phenylenediamine, microspheres.   
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3.3 Introduction 

Cyclomatrixpolyphosphazenes have attracted considerable interest in recent years      

(El-Kaderi, Hunt et al. 2007). Since their discovery, they have emerged as new 

inorganic material of various applications. They have exceptional attributes in various 

fields of interdisciplinary science such as metallo-organic and biomedical polymers, 

solid polyelectrolytes, and flame-retardant materials (Zhang, Cai et al. 2005). Their 

main starting material, hexachlorocycltriphosphazene (HCCP), is an essential material 

for synthesizing a variety of functionalized organocyclotriposphazenes (Carriedo 2007, 

Yeşilot and Uslu 2017), as well as a versatile network of functionalized amorphous 

porous organic polymers (POPs) (Zhu, Zhu et al. 2007) and covalent organic 

frameworks (COFs) (Zhang, Zhao et al. 2016, Zhang, Li et al. 2018). HCCP has also 

been used in preparation of functionalized dendrimers, which found various 

applications as catalysts and biosensors (Caminade, Hameau et al. 2016).  

It is known that the most efficient flame-retardant additives are the halogen containing 

compounds, their use is limited and restricted because the combustion reaction 

products of halogenated additives exhibit higher toxicity. Another disadvantage is their 

harmful characteristics to the ozone layer of the atmosphere which has the negative 

impact on climate change. The phosphazene unit could be a good alternative to use as 

a starting point for the synthesis of halogen-free phosphazenes derivatives aiming to 

introduce flame retardant characteristics to organic polymers. 

Cyclomatrixpolycphosphazenes one of the important class of materials of the 

phosphazene chemistry, whether being crystalline or amorphous,  have shown 

increased thermal stability  and flame-retardant characteristics (Kumar, Fohlen et al. 

1983, Kumar, Khullar et al. 1993).  

Thermal stability of these polymers mainly depends on the linkages between 

phosphazene and other organic moieties, as well as the structure and particle size of the 
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cyclomatrix itself (Wan and Huang 2017). Studies have shown that the coexistence of 

nitrogen and phosphorous compounds in an organic polymer can undoubtedly lead to 

the nonflammability  and high thermal stability of the polymer (Shieh and Wang 2002, 

Gao, Wang et al. 2008). More recent studies have shown that the inclusion of P and S 

atoms as linkages to HCCP further increased their thermal stability (Jian, Wang et al. 

2016, Guo, Wang et al. 2018). For example, Xu et al. reported the synthesis of 

phosphorous-nitrogen-sulfur containing microspheres using HCCP and 

sulfonyldiphenol as starting materials. The product obtained showed very good thermal 

stability, showing about 55% weight loss at the end of 800 oC (Guo, Wang et al. 2018). 

Li and Ma et al. designed a micro-porous phosphazene based covalent organic 

framework by reacting HCCP with p-phenylenediamine. The product was highly 

thermally stable, with about 45% weight loss at 800 oC (Zhang, Zhao et al. 2016). 

Huang et al. showed that inclusion of oxygen linkers, such as Phloroglucinol, in the 

cyclophosphazene polymer drastically increased thermal stability up to less than 30 % 

weight loss at 800 oC (Pan, Huang et al. 2012). Though the 800 oC threshold 

temperature attained by numerous cyclophosphazene frameworks is considered good, 

preparation of such class of polymers reaching such a temperature with minimum 

weight loss remains a quest. A water triggered polycondensation reaction of HCCP 

with amino acid esters reported by Lu et al. produced a mixture of 

cyclomatrixphosphazene nanoparticles bearing unsubstituted P-Cl moieties as proved 

by 31P solid state NMR studies (Huang, Chen et al. 2015).  

Though SEM data showed aggregations of perfectly spherical particles with different 

diameters, complete polycondensation where Cl atom were all being substituted could 

not be obtained, and the thermal stability of the cyclomatrix showed about 55 % weight 

loss at only 600 oC (Guo, Wang et al. 2018). In an attempt to further study the 

temperature effect on the structure and geometry of amorphous 

cyclomatrixphosphazene, and further improve their thermal stability, we report a 
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simple one pot hydrothermal polymerization method for preparing cross-linked 

polyphosphazene micro-spheres with controllable particle size by tuning the synthesis 

temperature, using hexachlorocyclotriphosphazene (HCCP) and p-phenylenediamine 

as co-monomers. We found that the temperature plays a determinant role to reach 

complete –NH2-Cl substitution. The resulting product exhibits a very high thermal 

stability which could be used as fire retardant and could find other electrochemical 

applications.  

3.4 Results and Discussion 

3.4.1 Synthesis and characterization of C-PPZs 

The synthesis of C-PPZs shown in figure 3.1, was prepared successfully via a one-pot 

and basic polymerization technique. HCCP is a crosslinker molecule having six 

reactive chlorine atoms. These features provide high cross-linking ability to HCCP. 

TEA was used as a base just to consume the hydrogen chloride (HCl) that is released 

from the polymerization reaction of HCCP and p-PDA and forms TEA.HCl salt. The 

reaction was performed three times at three different temperatures with same molar 

ratios of starting materials. The reaction was run at 100 oC and 120 oC, in which the 

analytical data showed incomplete reaction, as reflected by NMR and IR studies. 

However, increasing the temperature reaction to 200 oC resulted in complete reaction, 

as illustrated in figure 3.1. 
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Figure 3.1 Synthetic route of C-PPZs microspheres 

 

FTIR spectroscopy was used to identify the chemical structure of the obtained C-PPZs, 

as shown in figure 3.2a. The peaks in the region of 3100-3400 cm-1 correspond to the 

stretching vibrations of N-H (Rhili, Chergui et al. 2021). The aromatic skeleton 

vibrations are observed between 1505 and 1604 cm-1 (Hong, Li et al. 2018). The 

stretching band at 1170 cm-1 and 834 cm-1 are attributed to P=N and P-N characteristic 

absorption of the starting material (hexachlorocyclotriphosphazene) (Verma and Dutta 

2015, Qu, Yang et al. 2017), respectively, which indicated that C-PPZs kept the 

skeleton structure of phosphazene during the reaction. Meanwhile, another important 

peak appearing at 938 cm-1 is associated to the stretching P-NH-Ph (Li, Qin et al. 2019), 

which obviously demonstrates the occurrence of copolymerization between HCCP and 

p-PDA. The P-Cl peak at 660 cm-1 of HCCP (Yuan, Hu et al. 2017) disappeared in the 

C-PPZs at 200 oC, suggesting the complete substitution reaction of P-Cl in HCCP by 

p-PDA. 
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Figure 3.2 (a) FTIR spectra of C-PPZs microspheres obtained at different 

temperatures, (b) XPS survey spectra for C-CPZs microspheres and (c) high-resolution 

spectrum of N1s 
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High-resolution XPS was employed to detect the surface composition and the chemical 

component of C-CPPZs microspheres. The survey XPS spectra of C-CPPZs (figure 3. 

2b) shows three peaks attributing to C1s, N1s, and O1s. A small amount of chlorine 

1.7% and 1.9% was observed in C-CPPZs at 100 oC and 120 oC, respectively. 

Meanwhile, no Cl peaks in C-CPPZs at 200 oC, confirming that the Cl atoms in HCCP 

have been completely substituted by p-PDA (Rhili, Chergui et al. 2021). The high-

resolution spectra of N1s for C-CPPZs microspheres at different temperatures (figure 

3.2c) yield three peaks at about 397.5 eV, 399.4 eV and 400.2 eV, corresponding to 

P=N, P-NH-Ph and  Ph-NH2 bonds (Zhang, Xu et al. 2014, Zhang, Zhao et al. 2016), 

respectively. These results indicate the occurrence of polycondensation between HCCP 

and p-PDA. 

Thermal stability of the C-PPZs microspheres was investigated by TGA analysis as 

shown in figure 3.3a. It shows that C-PPZs at 200 oC is more stable, having initial 

degradation at around 300 oC, while C-PPZs at 120 and 100 oC show similar behaviour, 

having initial degradation at around 180 oC which can be due to the incomplete 

reaction. C-PPZs at 200 oC showed excellent thermal stability, showing only 25% 

weight loss at 800 oC (you mentioned in the abstract that the weight loss was 10% at 

900 oC, here you say it is 25% at 800 oC, please check the accurate values). Also, the 

improved thermal stability of the CPPZs microspheres compared with HCCP and          

p-PDA (Figure B.1) is due to the formation of a highly crosslinking structure and the 

thermally stable of cyclotriphosphazene rings (Wang, Fu et al. 2015).  

The phase structure of the C-PPZs microspheres was checked by using power X-ray 

diffraction (XRD), as shown in Figure 3.3b. Two broad diffraction peaks at 2θ values 

of around 12° and 26° were observed, which confirms the amorphous structure of the 

PZS microspheres without any crystallization (Fu, Huang et al. 2008). 
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Figure 3.3 (a) TGA curves of C-PPZs microspheres under nitrogen and (b) X-

ray diffractogram patterns of C-PPZs microspheres 

 

The chemical structures of the C-PPZs are characterized by 13C and 31P CP/MAS NMR 

spectroscopy, as shown in figure 3. 13C CP/MAS NMR spectra of C-PPZs obtained at 

100 and 120 oC showed carbon chemical shifts as broad peaks at 118 ppm (C=C) and 

at 134 ppm (=C-N-P) in the aromatic region. Two smaller shoulders at 123 and 140 

ppm were observed in the spectra, suggesting that more than one p-PDA moiety 

chemical environment exist in C-PPZs at 100 and 120 oC, that could be attributed to 

the presence of unreacting NH2 moieties in p-PDA (figure 3.4a).  

The 13C CP/MAS NMR spectrum of C-PPZs obtained at 200 oC showed clearly only 

two single peaks in the aromatic region at 118 ppm and 134 ppm, thus indicating that 

p-PDA had substituted all Cl atoms of HCCP (Zhu, Zhu et al. 2007). As reflected by 

31P NMR (figure 4a), the spectrum of C-PPZs microspheres showed a major sharp 

phosphorous peaks appearing at 3.1 and 2.6 ppm in C-PPZs at 100 and 120 oC, 

respectively with an observed shoulder on the left of the peak in each spectrum, 

indicating the presence of structural units -N=P(-(NHPh))- and –N=P(-Cl)-, i.e, the 
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existence of different chemical environments for phosphorus atoms in the 

cyclophosphazene moiety of the cyclomatrix, which can be attributed to the incomplete 

substitution of all the Cl atoms by p-PDA (Dar, Ali et al. 2016).  

In addition to the NMR data, the existence of unreacted chlorine is confirmed by EDS 

(figure 3.4). However, for the C-PPZs obtained at 200 oC exhibit a single sharp 

phosphorous 31P NMR peak appears at 2.8 ppm, indicating one phosphorous chemical 

environment and a complete substitution reaction. 

 

 

Figure 3.4 (a) Solid-state 13C CP/MAS NMR spectrum of C-PPZs microspheres 

and (b) Solid-state 31P CP/MAS NMR spectrum of C-PPZs microspheres 
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Figure 3.5 shows the SEM and TEM images of C-PPZs microspheres at different 

temperatures. The morphology of microspheres gradually changed by changing the 

temperature to 100, 120 and 200 oC (figure 3.5a). The morphology of C-PPZs at          

100 oC adopts a deformed spherical-like structure, which could be explained by the 

presence of unsubstituted Cl atoms on the cyclophosphazene moiety of the 

cyclomatrix. The same behavior is noted for 120 oC and 100 oC with less deformed 

spherical C-PPZs structure. The obtained C-PPZs at 200 oC adopts a complete spherical 

structure with all spheres perfectly tangents to each other, and this is due to the 

completely symmetrical structure of cyclomatrix which contains almost no Cl atoms in 

the cyclophosphazene ring system according to Energy-dispersive X-ray spectroscopy 

(EDX) and NMR data. EDX data show relatively high percentage of Cl in C-PPZs at 

100 oC (5.1%) compared to the obtained C-PPZs at 120 oC (2.9%) and 200 oC (0.2%). 

The gradually decreasing amount of Cl by 25 times from 100 oC to 200 oC confirm the 

proposed postulate that the resulting deformed spherical shape is related to the 

incomplete displacement of Cl atoms by p-PDA. In addition, the EDX-mapping 

indicated a uniform distribution of N, O, C, P and unsubstituted Cl over the cyclomatrix 

microspheres. 
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Figure 3.5 SEM, TEM images, TEM EDS spectra, Elemental mapping images 

of N, O, C, P and Cl of C-CPZs of microspheres at different temperatures: (a) 100 oC, 

(b) 120 oC and (c) 200 oC.  Explanatory sketch showing the morphology as a function 

of temperature and the formation of distinct spheres at 200 oC (d) Growth kinetic of      

C-CPZs microspheres at different temperatures 
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Figure B.2 shows the particle-size distribution of the C-CPPZs microspheres at 

different temperatures. The average size of C-CPPZs gradually increased from 3.2± 0.7 

µm, 4.9 ± 0.7 µm, to 7.7± 1.6 µm, as the temperatures are increased from 100 oC,        

120 oC to 200 oC, respectively. So, the diameter increase is directly proportional to 

increase the temperature. 

3.4.2 Thermal properties of EP@C-PPZs composites 

The degradation of pure EP and its composites have two mass loss ranges. The first 

range is observed at 250-400 °C in the TGA analysis shown in figure 3.6. It can be seen 

that the EP composites display a first maximum degradation temperature lower than 

that of the pure EP, which shows that the phosphorus and nitrogen (P-N) containing 

flame retardants (FRs) decompose preferentially at a relatively low temperature, 

promoting char formation; Therefore and forming a protective layer that retards further 

degradation of the char at higher temperatures (Wang, Tai et al. 2011, Chiang and Yang 

2015).  

The second stage, which is the main mass-loss range, occurs between 400 and 500 °C. 

The EP@C-PPZs composites exhibit higher thermal stability than the pure EP in the 

second range because of the strong interfacial interactions between the 

polyphosphazene layers and the EP matrix (Zhang, Xu et al. 2019). As shown in Table 

S1, after pyrolysis at 900 °C, the char yield ratio of the EP@C-PPZs composites 

increases remarkably with increasing phosphorus and nitrogen content. The char yield 

of EP@FC-PPZs 2% is progressively increased to 17.7%, higher than the of pure EP, 

which demonstrates that C-PPZs can retard the decomposition of the composite. The 

main reason behind this phenomenon for this retarded decomposition is that C-PPZs 

sheets are well-distributed in the EP matrix and form linkages with EP segments to 

effectively increase the intermolecular cross-linkage density (Lei, Xia et al. 2016). 
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From DTG Curves (figure 3.6b), it is apparent that maximum mass loss rates of the 

composites are decreased by C-PPZs (Chen, Liu et al. 2018). 

 

Figure 3.6 (a) TGA and (b) DTG thermograms of the pure epoxy EP and its 

composites under nitrogen 

3.4.3 Flammability tests 

We investigated the flame-retardant properties of pure EP and its composites         

EP@C-CPPZs 10% by direct exposure to an acetylene flame. For this purpose, the 

different polymers have been modulated in the form of pellets for practical application 

(as shown in scheme 1). Figure 3.7 demonstrates the typical burning procedures for the 

sample pellets. It is clearly observed from these photographs that the pellets of pure 

epoxy EP immediately caught fire, exhibiting a highly combustible behaviour, and left 

almost no residue after 10 s of combustion.  

However, in the case of the C-PPZs, composites only exhibited slight combustion and 

almost nonexistent propagation. One of the fascinating characteristics of the 
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combustion is that it just burned lightly with a little flame even after repeated exposure 

to high temperature flame for 40 s while keeping its initial form. The excellent flame-

retardant properties are mainly due to the formation of a high-quality barrier layer, 

which is based on the graphitic char from the HCCP-catalyzed char from the EP matrix 

(Chen, Liu et al. 2018). 

 

Figure 3.7 Photographs of the burning behavior of (a) Pure epoxy EP and (b) 

EP@C-CPPZs 10% during a vertical burning experiment 
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3.5 Experimental Section 

3.5.1 Materials 

Hexachlorocyclotriphosphazene (HCCP), p-Phenylenediamine (p-PDA), 1.4-Dioxane, 

ethanol, acetone, triethylamine (TEA) were purchased from Sigma-Aldrich (Oakville, 

ON, Canada). De-ionised (DI) water was produced by a water purification machine 

(Milli-Q® Reference). 1.4-Dioxane was dried by 4 Å molecular sieves before being 

used. 

3.5.2 Characterization Methods 

Fourier transform infrared (FTIR) spectroscopy was acquired on a Nicolet smart 

iTR 6700 spectrometers in the wavenumber range of 4000–500 cm-1 (Thermo-Nicolet, 

Madison, WI). Data were analyzed using OMNIC® software (Thermo-Nicolet, 

Madison, WI). The X-ray diffraction (XRD) was performed using a diffractometer 

(Bruker D8 Advance) with Cu-Kα radiation (λ = 1.54182 Å) in an angular interval from 

5° to 80° at room temperature. X-ray photoelectron spectroscopy (XPS) data for 

elemental composition and valence information was collected with XPS PHI 5600-ci 

(Physical Electronics, Eden Prairie, MN, USA).  

The morphology of materials was obtained with a scanning electron microscope (SEM) 

by utilizing a JEOL (JSM7600F) operated at 10 kV accelerating voltage and a working 

distance of 14 mm using secondary electron imaging mode. Transmission electron 

microscopy (TEM) and Energy-dispersive X-ray spectroscopy (EDX) was performed 

on a Joel JEM-2100F. The size and distribution of all as prepared nanoparticles were 

determined from SEM micrographs using ImageJ (V1.41, NIH, USA) for image 

analysis. Thermal gravimetric analysis (TGA Q500/Discovery MS) meter was used to 
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measure the thermal stability under nitrogen (N2) with a heat ramp of 5 oC /min between 

30 and 1000 oC. 13C and 31P MAS NMR spectra were recorded using a 400 MHz solid-

state Bruker Avance III HD spectrometer (Milton, ON, Canada), operating at 

frequencies of 150.874 MHz for 13C and 162 MHz for 31P. Cross‐polarization with the 

magic angle spinning (CP/MAS) technique was adopted. 

3.5.3 Preparation of cyclomatrix type polyphosphazene microspheres (C-PPZs) 

HCCP (348 mg, 1 mmol) and (p-PDA) (486 mg, 4.5 mmol) were dissolved in 15 mL 

of 1.4-Dioxane to form light purple suspension. Then, 1.74 mL of TEA was added. The 

suspension was transferred to an 80 mL Teflon-lined stainless-steel autoclave which 

was then sealed and heated in an oven and the reaction was run separately at three 

different temperatures: (100, 120 and 200 oC) each for 24 h to prepare C-PPZs 

microspheres, which were named as C-PPZs-100, C-PPZs-120 and C-PPZs-200 oC 

respectively. The products were left to gradually cool down to room temperature. The 

resulting powders were collected by centrifugation and washed with deionized water, 

ethanol and acetone three times, respectively. Then dried under vacuum at 80 oC for 

overnight.  

3.5.4 Preparation of polymer composites EP@C-PPZs 

A flammable epoxy resin (EP) was mixed with C-PPZs (see the supporting 

information), which was described in our prior publication ( figure A1) (Rhili, Chergui 

et al. 2021). Various amounts of C-PPZs were added to acetone and stirred until              

C-PPZs had completely dispersed to form a solution. Then, the C-PPZs solutions were 

separately added to the epoxy resin and stirred until homogeneous mixtures were 

obtained. The contents of C-PPZs were 0, 2, 5, and 10 wt %, and the resultant samples 

were marked as pure EP, EP@C-PPZs2%, EP@C-PPZs5%, and EP@C-PPZs10%, 
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respectively. In order to remove the solvent, the reaction mixture was stirred at 40 °C 

in a water bath. Finally, the mixture was put in a vacuum oven at 70 °C for 40 minutes 

until the polymers (foams) were completely dry, see figure 3.8. 

 

 

Figure 3.8 Photographic image of the different foams and pellets: (a) pure EP 

and (b) EP@C-PPZs 

3.6 Conclusion  

A simple and efficient method for synthesis of highly cross-linked 

cyclomatrixpolyphosphazenes from HCCP and p-PDA is disclosed. The study showed 

that morphology and reactivity of HCCP with p-PDA was highly temperature 

dependent. Solid state 13C and 31P NMR data showed that complete displacement of 

the Cl atoms in HCCP by p-PDA molecules took place at 200 oC, proving complete 

reaction, whereas incomplete reaction was observed at 100 oC and 120 oC. SEM and 

TEM analysis revealed that the average particle size of the cyclomatrices increased 

with temperature, and TGA analysis reflected excellent thermal stability for all 
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cyclomatrices obtained, the highest being to the cyclomatrices obtained at 200 oC in 

which only 25% weight loss took place at 800 oC. In addition, EP composites of the 

obtained CCPZs showed excellent flame-retardant properties. Studies on applications 

of these polyphospahzenecyclomatrices as well as other polyphosphazene materials in 

electrochemistry and other related fields are currently underway in our laboratories.  
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4.1 Résumé 

En tant que l’un des dispositifs de stockage d’énergie rapide les plus prometteurs, les 

supercondensateurs ont attiré une attention particulière pour de nombreuses 

applications émergentes pour le stockage d’énergie électrique. Dans ce travail, un 

matériau d’oxyde de graphène réduit co-dopé phosphore / azote (PN-rGO) a été préparé 

par pyrolyse en une étape de l’oxyde de graphène fonctionnalisé (FGO), qui est généré 

par une fonctionnalisation de l’oxyde de graphène (GO) avec de 

l’hexachlorocyclotriphosphazène et p-phénylènediamine. Les résultats de la 

caractérisation indiquent que le PN-rGO a une structure poreuse avec une morphologie 

de couche mince, transparente et ridée.  

Les mesures électrochimiques révèlent que le rGO non dopé et le PN-rGO présente des 

propriétés capacitives améliorées avec une capacité spécifique élevée de 292 F g-1 à 

0,5 A g-1 et une capacité de débit remarquable. Après 10 000 cycles, une capacité de 

97% est maintenue, démontrant une excellente stabilité de cycle. De plus, le 

supercondensateur symétrique assemblé à base de PN-rGO présente une densité 

d’énergie relativement élevée de 8,2 Whkg-1 et une densité de puissance de 570 Wkg-1 

dans l’électrolyte KOH. Les performances exceptionnelles de ce matériau en tant 

qu’électrode de supercondensateur peuvent être attribuées à l’effet pseudocapacitif du 

co-dopage P, N des nanofeuilles de graphène ainsi qu’à une structure poreuse 

exceptionnelle. 
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4.2 Abstract 

phosphorus/nitrogen co-doped reduced graphene oxide (PN-rGO) material has been 

prepared by one-step pyrolysis of the functionalized GO (FGO) with 

hexachlorocyclotriphosphazene and p-phenylenediamine. The resulting PN-rGO 

shows a porous structure with a transparent and wrinkled thin film morphology. 

Compared with the undoped rGO, the electrochemical measurements of PN-rGO 

exhibit enhanced capacitive properties, including high specific capacitance of              

292 F g-1 at 0.5 A g-1, remarkable rate capability, and excellent cycling stability (after 

10 000 cycles, 97% capacitance is maintained). Moreover, the assembled symmetric 

supercapacitor using PN-rGO shows a relatively high energy density of 8.2 W h kg-1at 

a power density of 570 W kg-1 in KOH electrolyte. The outstanding performance of this 

material as a supercapacitor electrode may be attributed to the pesudocapacitive effect 

of P/N co-doping in reduced graphene nanosheets, as well as its exceptional porous 

structure. 

Keywords: Graphene oxide, PN co-doping reduced graphene oxide, supercapacitor, 

porous carbon.   
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4.3 Introduction 

In recent years, carbon-doped heteroatoms have gained considerable research interest. 

Doping with heteroatoms makes it possible to increase the specific capacity and 

improve the electrochemical performance of carbonaceous materials (Raza, Ali et al. 

2018, Wang, Wang et al. 2019). In addition,  such materials have demonstrated 

electrochemical stability, good energy conversion and bio-imaging applications 

(Xiang, Cao et al. 2014, He, Han et al. 2016). Among the elements most used to dope 

carbonaceous materials are sulfur, boron, nitrogen, and phosphorus. For this purpose, 

nitrogen is the most widely used heteroatom to dope carbonaceous materials. This 

doping improves the electrical conductivity and the power of the surface of the doped 

material (Ren, Li et al. 2018, Wang, Li et al. 2019).  

Several methods are used for the preparation of heteroatom-doped carbon materials, 

such as external doping (Wang, Li et al. 2019), direct pyrolysis (Ren, Li et al. 2018), 

polymers (Hu, Zhu et al. 2018), as well as commonly used nitrogen-rich precursors 

(Song, Yang et al. 2016). Polyphosphazenes are polymers with an alternation of 

phosphorous and nitrogen atoms (Allcock 2006, Chen, Huang et al. 2016) with 

different chemical structures and functionalities and can be used as precursors to 

prepare carbon materials (Allcock 2016, Zhang, Ali et al. 2016).  Doping of porous 

carbon with nitrogen and phosphorus proved to have excellent capacitive performance 

(Allcock and Morozowich 2012, Zhang, Zhao et al. 2018). Nitrogen-doped carbon 

materials exhibit unique electronegativity that induces an efficient distribution of the 

electronic charge and thus allows the transport of electrons through the carbon. 

Furthermore, the positive effect of the single doping can be amplified by co-doping 

causing a synergistic effect (Allcock, McDonnell et al. 1990, Liu, Zhang et al. 2018). 

Reports demonstrated phosphorus dopant (Tian, Hess et al. 2015), exhibits higher 

electron donation capacity than nitrogen (Momodu, Sylla et al. 2019). 
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Recently, N/P doping on porous carbons has been reported to have an excellent 

performance as an electrode for supercapacitors (Wang, Sun et al. 2013, Chen, Wei et 

al. 2018, Ma, Wu et al. 2019). Supercapacitors have attracted a remarkable attention as 

a component for the energy storage and a good alternative to batteries and fuel cells 

(Stoller and Ruoff 2010, Berrueta, Ursúa et al. 2019). They have distinctive proprieties 

with an excellent power density, long lifetime, fast charging and discharging speed and 

higher cycle stability (Shao , Li, An et al. 2019, Zhou, Vassallo et al. 2020). 

Supercapacitors are grouped in two categories depending on their charge storage 

mechanisms: electrochemical double layer capacitors (EDLC) and pseudo-capacitors 

(Zhang, Feng et al. 2009, Chen, Rakhi et al. 2012). EDLCs use ion adsorption between 

electrode-electrolyte interface for energy storage whereas pseudo-capacitors store 

energy by fast and reversible faradic reactions. Several carbon based materials are 

largely used as electrode materials for as electrode materials for EDLCs such as 

activated carbon, mesoporous carbon (Sevilla and Mokaya 2014), graphene or reduced 

graphene oxide (rGO) and carbon aerogels (Pandolfo and Hollenkamp 2006, Inagaki 

2010). These materials have become indispensable electrode materials because of their 

high surface area, porous structure and good electrical conductivity (Guo, Li et al. 

2016, Sadak, Sundramoorthy et al. 2018).  

For pseudo-capacitors, the most commonly used materials are conductive polymers 

and transition metal oxides (Jacob, Yang et al. 2009, Zhang, Feng et al. 2009). For this 

purpose, the performance of the energy storage device can be improved by increasing 

the surface area, the specific capacity reaches a plateau when the specific surface is 

higher than about 1500 m2/g (Xia, Chen et al. 2009, Zhang, Gong et al. 2012). 

In this work we report a method to prepare the nitrogen and phosphorus co-doped 

microporous derived rGO for supercapacitor application. The rGO material with 

thermal stability, high electrical conductivity, large surface area and broad 
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electrochemical window (Geim and Novoselov 2007, Liu, Yu et al. 2010) was used as 

electrodes in supercapacitors. 

We believe this proposed study will provide an approach that is scalable for the 

preparation of new materials based on three-dimensional nitrogen and phosphorus      

co-doped reduced graphene oxide as superior electrode materials for supercapacitors. 

4.4 Experimental methods 

4.4.1 Materials  

Graphite powder (mesh size ≤100μm), p-Phenylenediamine (p-PPD), 

hexachlorocyclotriphosphazene (HCCP), potassium carbonate (K2CO3), concentrated 

sulfuric acid (H2SO4, 98%), potassium permanganate (KMnO4), hydrogen peroxide 

aqueous solution (H2O2, 30%), phosphoric acid (H3PO4, 88%), hydrochloric acid 

(HCl), toluene, acetone, methanol. De-ionised (DI) water was produced by a water 

purification machine (Milli-Q® Reference). Toluene was dried by 4 Å molecular sieves 

before being used. 

4.4.2 Synthesis of functionalized graphene oxide (FGO) and P, N-doped reduced 

graphene oxide (PN-rGO) 

The detailed synthesis of rGO is shown in Supporting Information. FGO was prepared 

by functionalizing the GO with hexachlorocyclotriphosphazene (HCCP) and                   

p-phenylenediamine (p-PDA). In a typical experiment, 70 mg of graphene oxide was 

dispersed in anhydrous toluene (10 mL), sonicated for 30 min at ambient temperature 

to yield a dark brown suspension. 1.40 g of K2CO3 was added to the GO suspension, 

and then, HCCP (348 mg, 1 mmol) dissolved in toluene was added dropwise to the 

mixture with continuous stirring.  
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Then, 325 mg (3 mmol) of p-PDA dissolved in toluene was slowly added to the 

mixture. Afterward, the reaction was refluxed and maintained at 60 °C for 48h. The as 

prepared sample was washed and dried under vacuum at 70 °C for 24h to obtain FGO. 

Finally, the sample was annealed in a tubular furnace at 850 °C for 2 h with the ramping 

rate of 5 °C min-1 under an argon atmosphere and the corresponding sample is named 

PN-rGO. The typical synthesis procedure to PN-rGO is illustrated in figure 4.1.  

 

 

Figure 4.1 Schematic illustration of the fabrication process of the N, P co-doped 

reduced graphene oxide 
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4.4.3 Characterization Methods 

The X-ray diffraction (XRD) was performed using a diffractometer (Bruker D8 

Advance) with Cu-Kα radiation (λ = 1.54182 Å) in an angular interval from 20° to 100° 

at room temperature. X-ray photoelectron spectroscopy (XPS) data for elemental 

composition and valence information was collected with XPS PHI 5600-ci (Physical 

Electronics, Eden Prairie, MN, USA). The morphology of materials was obtained with 

a scanning electron microscope (SEM) by utilizing a JEOL (JSM7600F) operated at 10 

kV accelerating voltage and a working distance of 14 mm using secondary electron 

imaging mode. Transmission electron microscopy (TEM) and Energy-dispersive X-ray 

spectroscopy (EDS) was performed on a Joel JEM-2100F. Raman measurements were 

acquired on a Renishaw in Via microspectrometer using a 50X objective and a 514 nm 

laser wavelength.  

4.4.4 Electrochemical Tests 

The electrochemical performance of the synthesized material was evaluated through 

cyclic voltammetry (CV), galvanostatic charge/discharge (GCD) and electrochemical 

impedance spectroscopy (EIS) in a typical three-electrode cell with 6 M KOH aqueous 

solution as the electrolyte. The working electrode was prepared by mixing the as 

prepared materials with 10 μL of Nafion™ solution (5 wt%) and1 mL water-ethanol 

solution with a volume ratio of 4:1, and the mix was then sonicated for 30 min. 18 μL 

of the resulting ink was drop-casted onto glassy carbon electrode (GC, A = 0.1256 cm2) 

and dried in air at room temperature.  

An Ag/AgCl electrode and a platinum wire were employed as reference electrode and 

counter electrode, respectively. CV curves were obtained at scan rates ranging from 5 

to 100 mV s-1 with the voltage ranging from -1 V to 0 V. GCD curves were obtained at 
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current density ranging from 0.5 to 20 A g-1. The EIS measurements were acquired in 

the frequency range from 100 kHz to 0.01 Hz. 

To investigate the potential for practical applications, the performance of the 

synthesized material was then evaluated in a symmetric supercapacitor though CV, 

GDC and EIS. The supercapacitor device, shown in figure 4.8a, consisted of PN-rGO 

as both the positive and negative electrode materials. Toray (TGP-H-060) carbon paper 

sections (2 × 2 cm) was served as current collectors. Whatman 41 paper was used as 

separator, which was immersed in 6 M KOH electrolyte prior to assembly. A Silastic® 

ERTV Silicone Rubber element was added as gasket, and the set was sandwiched 

between two PMMA plates fabricated by computer numerical control (CNC) 

micromachining. The total mass loading of PN-rGO of positive and negative electrodes 

was 2 mg. All electrochemical experiments were performed on a Biologic SP-300 

potentiate/galvanostatic controlled by EC-Lab software. 

 

The specific capacitance (F g-1) was determined from GCD curves according to Eq. (1) 

 

                                                                    (1) 

 

 

where ‘I’ is the charge-discharge current (A); △t is the discharge time (s); △V is the 

potential window(V); and m is the active material loading in the working electrode (g). 

The energy (E, W h kg -1) and power (P, Wkg-1) densities were calculated from charge–

discharge measurement using Eq. (2) and Eq. (3) respectively. 

 

 

                                                            (2) 

 

 

Where ‘C’ is the specific capacitance; ‘ΔV’ is the voltage window of the assembled 

device. 

C=
𝐼 ∗ 𝛥𝑡

𝑚∗𝛥𝑉
 

E=
1

2
𝐶(𝛥𝑉)
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                                                                                    (3) 

                                                                                    

 

 
where ‘Δt’ is the discharge time. 

 

4.5 Results and Discussion 

The mechanism of synthesis PN-rGO is summarized in scheme 1. In first step, The 

FGO was synthesized by functionalizing the GO with hexachlorocyclotriphosphazene 

(HCCP) and p-phenylenediamine (p-PDA). Afterwards, the sample was annealed in a 

tubular furnace at 850 °C for 2 h with a ramp rate of 5 °C min-1 under Argon 

atmosphere. For comparison, the rGO was also prepared by following the same 

preparation process without the addition of HCCP and (p-PDA). The morphologies of 

the obtained materials were characterized by scanning electron microscopy (SEM) and 

transmission electron microscopy (TEM), as shown in figure 4.2a, b and (figure C.1a 

Appendix C).  

From figure C.1a, it can be observed that the GO sheets are almost transparent with 

some wrinkled structures. Compared to GO, the surface of FGO (figure C.1b) appears 

to be rough, which indicates that the functionalization has been realized. Figure 4.2a 

indicates the SEM image of rGO, which exhibits wrinkled sheets and randomly 

aggregated to a certain degree that led to the formation of well-developed mesopores 

(Liu, Zhou et al. 2013, Lin, Ma et al. 2018). As can be seen in figure 4.2b ultrathin, 

crumpled PN-rGO nanosheets are partially aggregated and crumpled structure, 

originating from the defective sites created after the incorporation of nitrogen and 

phosphorus atoms into the graphene layer.  

P=
𝐸

𝛥𝑡
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With a higher magnification, as displayed in figure 4.2c, the TEM image shows the 

rGO nanosheets are almost transparent with some wrinkles on the surface and have no 

structural defect. However, the TEM image of PN-rGO (figure 4.2d) shows a 

microporous structure, rough and clearly covered by nanoparticles distributed on the 

rGO, confirming the successful doping of nitrogen and phosphorus heteroatoms. In 

addition, the presence of N and P atoms on the PN-rGO is confirmed by signals in the 

EDX spectrum (figure 4.2e). Elementary mapping (figure 4.2f) was performed to 

reveal the homogeneous distribution of atoms on the surface of teen-age: carbon (red), 

phosphorus (purple), nitrogen (yellow), and (green) oxygen. 

 

 

Figure 4.2 SEM images of (a) rGO and (b) PN-rGO, TEM images of (c) rGO 

and (d) PN-rGO, (d) TEM-EDX spectrum of PN-rGO, (e) Elemental mapping images 

of C, P, N, and O components of PN-rGO 
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XPS was used to investigate the elemental composition and chemical components of 

PN-rGO material. As shown in figure 4.3a, the survey XPS spectrum of PN-rGO 

presents four peaks according to C1s (285 eV), N1s (400 eV), O1s (533 eV) and P2p 

(133 eV), proving the successful P, N co-doping in graphene lattices (Yang, 

Bhattacharjya et al. 2012, Yang, Zhi et al. 2012). According to the XPS results, the 

atomic ratios of N and P are 2.3% and 4.5%, respectively (table C.1). The presence of 

oxygen in PN-rGO is attributed to the remaining oxygen functional groups (Wei, Liu 

et al. 2009).  

Figure 4.3b shows the C 1s spectra of PN-rGO, which can be deconvoluted into four 

peaks located at about 284.7, 285.4, 286.6, and 289.1 eV, corresponding to C-C,            

C-O/C-N, C-P and O-C=O, respectively (Zhang, Jiang et al. 2011, Ma, Wu et al. 2019, 

Li, Lv et al. 2021). The N 1s spectrum (figure 4.3c) is fitted into three main peaks 

situated at 398.4 eV, 401.3 eV and 399.7 eV, corresponding to pyridinic-N, graphitic-

N, and pyrrolic-N species, respectively (Lai, Potts et al. 2012, Ananthanarayanan, 

Wang et al. 2015). The pyridine-N and pyrrolic-N can significantly modify the 

electronic structure of the material and create active sites to improve the energy density 

of the supercapacitor (Ananthanarayanan, Wang et al. 2015, Li, Wang et al. 2020). 

Furthermore, graphitic-N is beneficial in improving the electrical conductivity of 

carbon to reduce the resistance to charge transfer (Rct) during the charge/discharge 

process (Hulicova‐Jurcakova, Seredych et al. 2009). Meanwhile, the P 2p spectrum 

(figure 4.3d) is deconvoluted into two components peaks at 131.8 and 133.9 eV which 

correspond to P-C and P-O bindings, respectively (Li, Dai et al. 2016). 
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Figure 4.3 (a) XPS survey spectra of PN-rGO, High-resolution XPS spectra of 

the deconvoluted peaks of PN-rGO: (b) C 1s, (c) N 1s, and (d) P 2p, and spectra of the 

PN-rGO 
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Raman spectroscopy was used to investigate the quality of the carbon nanomaterials of 

GO, PN-rGO and rGO. As shown in figure 4.4a, two distinct peaks appeared at 

about1350 cm-1 and 1600 cm-1, corresponding to the D band and G band, respectively 

(Rhili, Chergui et al. 2021). The D band is related to the disordered carbon atoms or to 

the defects in the structure (Verma and Dutta 2015), while the G band is associated 

with the ordered graphitic structure, and it is originating from the stretching vibrations 

of sp2 carbon atoms (Pimenta, Dresselhaus et al. 2007). Moreover, the intensity ratio 

value (ID/IG) leads to the defect degree of the materials. The ID/IG peak intensity ratios 

of GO, PN-rGO and rGO are 0.83, 0.89, and 0.84, respectively, which means PN-rGO 

has more defects compared with GO and rGO due to the incorporated phosphorus and 

nitrogen atoms in the graphitic plane (Gao, Fu et al. 2018).  

The X-ray diffraction (XRD) pattern was used to study the structure information and 

crystal phase of the samples. Figure 4.4b shows the XRD patterns of GO, PN-rGO and 

rGO. The XRD spectrum of GO exhibits a sharp diffraction peak at 2θ = 10.1° with an 

interlayer distance of 0.8 nm, corresponding to plan (002) due to the formation of 

oxygen functional groups (hydroxyl, carboxyl, and epoxy) (Kaniyoor, Baby et al. 2010, 

Hu, Zhan et al. 2014, Rhili, Chergui et al. 2021). However, for rGO and PN-rGO, the 

diffraction peak at 10.1° completely disappeared after annealing, replaced by a broad 

peak at 2θ = 24° with a d-spacing of 0.4 nm, revealing that the successful reduction of 

GO to reduced graphene oxide (rGO).  
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Figure 4.4 (a) X-ray diffraction (XRD) patterns, (b) Raman spectra of rGO, PN-

rGO and GO 

 

The Brunauer-Emmet-Teller (BET) surface area and pore structure play important 

roles in the electroactive materials used in supercapacitors. Figure 4 shows the nitrogen 

adsorption-desorption isotherms and the corresponding pore size distribution curves of 

rGOand PN-rGO samples. The nitrogen adsorption-desorption curves of PN-rGO 

sample (figure 4.5a) is type IV (Brunauer-Deming-Deming-Teller: BDDT) 

classification) with apparent hysteresis loops, indicating the presence of mesopores, 

which is consistent with the above TEM analysis (Zhang, Sun et al. 2019, Wan, Xiao 

et al. 2020).  

In contrast, no hysteresis loops are observed on the isotherm curve of rGO, revealing 

the absence of pores on the GO surface. The BET surface area, pore size and pore 

volume of rGO and PN-rGOare summarized in table 4.1. Based on the BET method, 

the surface area of PN-rGO is 343.5 m2. g-1, which is larger than rGO (23.7 m2. g-1). 
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This is because the gases released from the decomposition of HCCP and p-PDA expand 

graphene sheets, while rGO suffers from  restacking, in accordance with the SEM and 

TEM images (Gadipelli and Guo 2015). Figure 4.5b also shows the pore size 

distributions of the samples based on the Barret-Joyner-Halenda (BJH) method. The 

PN-rGO sample exhibits sharp peaks ranging from 2 to10 nm, suggesting the existence 

of dominant mesopores. The high surface area and large pore volume of PN-rGO can 

facilitate the transport of electrolyte ions and enhance energy-storage capacity (Sun, 

Xue et al. 2020). 

 

 

Figure 4.5 (a) Nitrogen adsorption-desorption isotherms and (b) corresponding 

pore size distribution curve of rGO and PN-rGO 
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Tableau 4.1 BET surface area and pore structure characterization of rGO and    

PN-rGO 

 

To investigate the electrochemical supercapacitor performance of the as-synthesized 

materials PN-rGO and rGO, cyclic voltammetry (CV) and galvanostatic 

charge/discharge (GCD) measurement were evaluated by a three-electrode system in 

6.0 M KOH electrolyte. Figure 4.6a shows the CV curves of PN-rGO and rGO at a 

scan rate 50 mV s-1 within the potential window of -1 V to 0 V. It can be observed that 

the CV curves of the two samples are quasi-rectangular, which are typical for 

electrochemical double-layer capacitors (EDLC) (Bai, Rakhi et al. 2013). It is clear that 

the CV curves area of PN-rGO is biggest, corresponding to higher specific capacitance 

(Cheng, Yi et al. 2019). This is because of the pseudocapacitive contribution mainly 

offered by P and N elements (Liu, Zhang et al. 2018). Figure 4.6b displays the GCD 

curves of PN-rGO and rGO measured at a current density 0.5 A g-1.  

The curves exhibit a quasi-triangular shape, indicating good electrochemical 

reversibility (Liu, Chang et al. 2019). Moreover, the longest charging / discharging 

time is clearly obtained for PN-rGO compared to rGO, implying higher capacitance, 

which in agreement with the CV results.  
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Figure 4.6 (a) CV curves of rGO and PN-rGO samples at 50 mV s-1 and (b) GCD 

curves of rGO and PN-rGO at 0.5 A g-1 

 

The CV measurements of PN-rGO at different scan rates from 5 to 100 mV s-1 are 

revealed in figure 4.7a. As the scan rate increases from 5 to 100 mV s-1, the CV curves 

still remain a quasi-rectangular shape, indicating ideal capacitive properties (Qi, Xia et 

al. 2017, Lei, Li et al. 2018, Wan, Xiao et al. 2020). Additionally, the GCD curves for 

PN-rGO show highly symmetrical triangular shape at current densities from 0.5 to 20 

A g-1 (figure 4.7b), which implied that the material has good charge/discharge 

reversibility and cycle performance (Zheng, Tang et al. 2020). The specific capacitance 

was calculated at different current densities From the GCD curves according to Eq. (1).  

The specific capacitance of PN-rGO (figure 4.7c) was significantly larger than that of 

the rGO (figure S2) at all measured current densities (0.5 to 20 A g-1). In addition, the 

capacitance retention for PN-rGO was 70% in the range 0.5 to 20 A g-1, which indicate 

a good rate capability (Yang, Liu et al. 2019). The specific capacitance values obtained 

for PN-rGO (292 F g-1 at 0.5 A g-1) is better than those reported by Ziyin (178 F g-1 at 

0.5 A g-1) (Lin, Liu et al. 2011), by Kaisheng et al. (202 F g-1 at 0.25 A g-1) (Xia, Huang 
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et al. 2017), by Zhi et al. (227 F g-1 at 1 A g-1) (Yang, Liu et al. 2019), and by Yaocai 

et al. (225 F g-1 at 1 A g-1) (Bai, Rakhi et al. 2013). Moreover, the cycling stability of 

PN-rGO was investigated through 10000 charge/discharge cycles at current density of 

10 A g-1 (figure 4.7d). The retention ratio of the capacitance value is 97% after 10000 

cycles, suggesting higher stability and excellent cycle performance. These results 

confirm the excellent synergistic effect of heteroatom doping in the graphene 

nanosheets.  

 

Figure 4.7 (a) CV curves of the PN-rGO electrode in 6 M KOH aqueous solution 

at different scan rates, (b) GCD curves of the PN-rGO electrode at different current 

densities, (c) A plot of the specific capacitances calculated from the discharge curves 

versus current density, (d) Cycling stability of the PN-rGO at a current density of          

10 A g-1, and the inset showing first and last cycles of GCD curves 
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Electrochemical impedance spectroscopy (EIS) provides information on the 

accessibility of electrolyte ions through materials. According to the Nyquist plots 

(figure 4.8), two regions can be clearly observed, including a semicircle in the high 

frequency region and a vertical-like slope in the low-frequency region. The nearly 

vertical line of PN-rGO in the low-frequency indicates the ideal capacitor behavior 

(Eftekhari 2018). In the high-frequency region, the semicircle corresponds to the 

charge-transfer resistance at the electrode/electrolyte interface (Xu, Cai et al. 2011). 

Obviously, PN-rGO has a small semicircle, indicating a small resistance to charge 

transfer, which is consequently related to its high electrical conductivity. 

 

 

 

 

 

 

 

 

 

Figure 4.8 Nyquist plots of PN-rGO over the frequency range from 0.01 Hz to 

100 kHz 
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To investigate the potential for practical applications of the PN-rGO based electrodes, 

a symmetric supercapacitor device was assembled and tested in 6 M KOH aqueous 

solution under a potential range of 0 to 0.6 V. The electrochemical performance of the 

device based on two PN-rGO pieces, as positive and negative electrodes was measured 

using CV and GCD. The performance of the device was evaluated from the obtained 

specific capacitance, energy density and power density, as shown in figure 4.9. The 

schematic illustration of the assembled symmetric supercapacitor is shown in figure 4 

8a. The CV curves of the symmetric supercapacitor under various scan rates from 10 

to 100 mV s-1 are presented in figure 4.9b. The area under the CV curve shows an 

approximately rectangular shape were sustained even at a high scan rate of                     

100 mV s-1, suggesting a significant EDLC behaviour and ideal capacitive 

performance.  

Figure 4.9c displays the GCD curves of the symmetric supercapacitor measured at 

various current densities from 0.5 to 10 A g-1, exhibiting an almost symmetrical triangle 

form, which further reveals high reversibility of capacitive behaviour, as consistent 

with the CV results. Besides, the Ragone plot in figure 4.9d illustrates the performance 

of the symmetric supercapacitor in terms of power density and energy density and was 

calculated from the discharge curves using the equations (3) and (4). The NP-rGO 

device delivered the energy density of 8.2 W h kg-1 at a power density of 570 W kg-1 

under 0.5 A g-1, and retained the energy density of 3.5 W h kg-1 at 6000 W kg-1, which 

is comparable to those previously reported carbon materials (Chen, Wu et al. 2016, 

Xia, Huang et al. 2017, Xue, Zhu et al. 2019, Shen, Mo et al. 2020). 

In addition, it has been observed that the symmetrical supercapacitor shows excellent 

electrochemical stability with 85% retention of the initial capacitance after 10000 

repeated cycles at 6 A g-1 (figure 4.9e). 
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Figure 4.9 (a) The schematic illustration of the assembled symmetric 

supercapacitor, (b) CV curves of the symmetric supercapacitor measured at different 

scan rates under a potential range of 0-0.6 V in 6 M KOH electrolyte, (c) GCD curves 

of the symmetric supercapacitor at different current densities, (d) Ragone plot of the 

PN-rGO device and (e) Specific capacitance of PN-rGO under variable current 

densities  
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4.6 Conclusion 

In summary, we have successfully prepared PN-rGO as electrodes for supercapacitors 

by direct pyrolysis of the functionalized graphene oxide (FGO). The PN-rGO exhibits 

high specific capacitance of 292 F g-1 at 0.5 A g-1, a good rate performance (retention 

of 70% from 1 to 20 A g-1) and excellent cycling stability (97% retention of the initial 

specific capacitance after 10,000 consecutive charge-discharge cycles at 20 A g-1). The 

assembled symmetric supercapacitor exhibits an energy density of 8.2 W h kg-1 at a 

power density of 570 W kg-1. The incorporation of heteroatoms N, P into carbon 

materials could effectively modify and improve their electrochemical performances. 
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5.1 Résumé 

Des matériaux carbonés poreux dopés aux hétéroatomes d’azote (N) et de phosphore 

(P) ont été préparés par carbonisation des cyclomatrix polyphosphazènes, synthétisés 

par polymérisation entre l’hexachlorocyclotriphosphazène (HCCP) et la                              

p- phénylènediamine (p-PDA) (ou Tris (4 aminophényl) amine), suivie d’une 

activation avec K2CO3. Les échantillons obtenus NPC1 et NPC2 présentent une 

structure poreuse qui fournissent des canaux pour le transport et le stockage des 

électrons et des ions. Les matériaux synthétisés ont été évalués en tant que matériaux 

de supercondensateur. L’électrode NPC2 affiche une capacité spécifique élevée de 

483 F g-1 à 0,5 A g-1, révélant une excellente performance électrochimique. La 

rétention de cyclage montre une excellente stabilité de 98% après 10 000 cycles de 

charge-décharge consécutifs à 20 A g-1. De plus, un supercondensateur symétrique a 

été assemblé en utilisant le NPC2 présente une densité d’énergie relativement élevée 

de 13,2 Whkg-1 à une densité de puissance de 700 Wkg-1. Le supercondensateur obtenu 

par une méthode de synthèse facile présente une haute performance. 
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5.2 Abstract 

Nitrogen and phosphorus heteroatoms-doped carbon materials were prepared by 

carbonization of cyclomatrix polyphosphazenes, which is synthesized by a simple 

polymerization technique between hexachlorocyclotriphosphazene and                              

p-phenylenediamine (or Tris(4-aminophenyl) amine), followed by activation with 

K2CO3 as an activator. The obtained samples Nitrogen-Phosphorus co-doped porous 

carbon materials denoted NPC1 and NPC2 have a hierarchical porous structure, which 

provides channels for the transport and storage of electrons and ions. As an electrode 

material for supercapacitors, the specific capacitance of the NPC2 displays a high 

specific capacitance of 483 F g-1 at 0.5 A g-1, revealing superior rate performance. The 

capacity retention after 10,000 consecutive charge-discharge cycles at 20 A g-1 is 98%, 

demonstrating excellent cycling stability. Moreover, the assembled symmetric 

supercapacitor using NPC2 exhibits a relatively high energy density of 13.2 W h kg-1 

at a power density of 700 W kg-1. Thus, a promising electrode material for high-

performance supercapacitors is obtained through a facile synthesis route. 

 

Keywords: Cyclomatrix, porous carbon, supercapacitor, Nitrogen/ Phosphorus             

co-doped. 
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5.3 Introduction 

Supercapacitors have attracted considerable interest and increased attention in recent 

years due to their higher power density than batteries and higher energy density than 

conventional dielectric capacitors (Wang and Kaskel 2012, Shen, Ran et al. 2015, Raza, 

Ali et al. 2018). The charge storage mechanisms of supercapacitors generally can be 

divided into two classes, electrical double-layer capacitor (EDLC) and pseudocapacitor 

(Wang and Xia 2013). EDLCs require electrode materials with a high specific surface 

area and appropriate pore size (Zhang and Zhao 2009). Design and synthesis of 

supercapacitors have particularly involved activated carbon to improve charge 

induction on the electrode surface (Wang, Fang et al. 2016, Gao, Fu et al. 2018, Shen, 

Mo et al. 2020, Zeng, Miao et al. 2021).  

Activated carbons, though are easy and relatively cheap to prepare, exhibit low energy 

densities despite their large surface areas. Studies towards improving electrochemical 

characteristics of activated carbons have continued and are well documented in the 

literature (Sevilla and Mokaya 2014). Generally, various activating agents, such as 

K2CO3, CO2, NaOH, CaCl2, ZnCl2, KOH and H3PO4 (Tian, Gao et al. 2016, Wang, Li 

et al. 2017, Lin, Ma et al. 2018). Weng et al. prepared an activated carbon material 

from a carton box activated by eutectic KOH, NaOH melt, the material showed very 

good performance in supercapacitor applications, exhibiting high  surface area of     

2731 m g-1 and rate capability up to 75 A g-1 in symmetric supercapacitor devices 

(Wang, Fang et al. 2016). 

Recently, the most researched modification method is to dope heteroatoms in the 

carbon material, so that the surface of the carbon material will exhibit more active sites, 

which leads to improving its electrochemical performance (Wei, Zhou et al. 2013, 

Tang, Salunkhe et al. 2016, Wang, Wang et al. 2019). The most common elements used 

to dope carbon materials are nitrogen (N), sulfur (S), boron (B), oxygen (O) and 

phosphorus (Kim, Yang et al. 2011, Liu, Liu et al. 2017, Qi, Xia et al. 2017). Among 
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them, the N atom has an atomic radius like the C atom, which enables it to easily replace 

the C atom in the carbon-based material. The electrical conductivity, chemical 

reactivity, and surface wettability for a carbon-based electrode can be modified greatly 

when it doped by N atoms. These chemical modifications are necessary for the 

electrochemical energy storage (Wang, Sun et al. 2014). It’s worth noting that                

co-doping could further enhance the electrochemical performances of single-

heteroatom-doped carbon materials. The enhanced performances of co-doped carbon 

materials are generally assigned to the synergistic effect of multiple heteroatoms 

doping (Liu, Liu et al. 2017, Qi, Xia et al. 2017, Xia, Huang et al. 2017).  

There are serval methods for preparing heteroatoms doped carbon materials: in-situ 

doping (Ren, Li et al. 2018) and direct pyrolysis (Song, Yang et al. 2016). The 

commonly used nitrogen-rich precursors are biomass (Zhong, Gong et al. 2015), 

polymers (Hu, Zhu et al. 2018) and small nitrogen-containing molecules(Barzegar, 

Bello et al. 2015). 

Polyphosphazenes is a class of polymeric materials in which alternate phosphorus and 

nitrogen atoms are arranged to form a backbone, provide the promising candidates for 

formation of N, P co-doped carbon as electrodes materials (Allcock 2006, Chen, Huang 

et al. 2016). Most of polyphosphazenes polymers were prepared from 

hexachlorotricyclophospazene (HCCP) as a monomer, linked to various organic 

nucleophiles bearing O, N, and S as nucleophilic sites (Rhili, Chergui et al. 2021). Their 

relative porosity and high surface area rendered them as good targets with various 

applications including but not limited to flame retardant materials, Iodine adsorbents, 

gas and energy storage materials, and metallic ions sorption agents. Among other 

applications, studies of supercapacitance properties of polyphosphazenes matrices have 

recently gained particular attention (Dasari, Yu et al. 2013, Zhou, Qiu et al. 2020). 

In this work, a nitrogen/phosphorus co-doped porous carbon material was synthesized 

through the simple carbonization/activation process. Hexachlorocyclotriphosphazene 
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and p-phenylenediamine (or Tris(4-aminophenyl) amine) were chosen to prepare 

cyclomatrix polyphosphazenes by a polymerization reaction. These polyphosphazenes 

contain a considerable amount of carbon, nitrogen, and phosphorus at the same time. 

The morphology, composition and structure of the carbon materials were investigated 

by SEM, TEM, XRD, BET, XPS, etc. The capacitive performance of the obtained 

samples of nitrogen/phosphorus co-doped porous carbon material is analyzed in detail.  

5.4 Experimental methods 

5.4.1 Materials 

Hexachlorocyclotriphosphazene (HCCP), p-Phenylenediamine (p-PDA), Tris(4-

aminophenyl) amine (TAPA), 1.4-Dioxane, ethanol, acetone, triethylamine (TEA) 

were supplied from Sigma-Aldrich (Oakville, ON, Canada). De-ionised (DI) water was 

produced by a water purification machine (Milli-Q® Reference). 1.4-Dioxane was 

dried by 4 Å molecular sieves before being used. 

5.4.2 synthesis of Cyclomatrix polyphosphazenes (C-POPs1 and C-POPs2) 

The synthesis procedure is shown in figure 5.1. Typically, p-PDA (1.5 mmol) (or 1.0 

mmol TAPA) and 1.0 mmol HCCP were dissolved in 20 mL dioxane to form grayish 

suspension, after which 1.74 mL of TEA was added. The suspension was transferred 

to an 80 mL Teflon-lined stainless-steel autoclave and maintained at 200 oC for 24h. 

After the reaction mixture was left to cool to room temperature, the powders were 

filtered off and washed several times with deionized water, EtOH, and acetone 

sequentially until the filtrate was neutral and colorless. Then, the powders were dried 

overnight in a vacuum oven at 80 °C. The resulting materials were denoted as C-POPs1 

and C-POPs2. 
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Figure 5.1 Synthetic route of the nitrogen and phosphorus co-doped carbon 

materials 
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5.4.3 Nitrogen-phosphorus co-doped porous carbon materials NPC1 and NPC2 

The prepared materials C-POPs were physically mixed with K2CO3 as chemical 

activator (C-POPs and K2CO3 in a mass ratio of 1:3), and the mixture was carbonized 

under N2 atmosphere at 800 oC for 2 h with a heating rate of 5 oC/min and then cooled 

to room temperature. Finally, the obtained samples were washed with 1 M HCl solution 

followed by deionized water and ethanol for several times until neutral pH was 

obtained, and the products were dried at 80 oC under vacuum for 24 h to yield the NPCx 

(x=1,2) samples. 

5.4.4 Characterization Methods 

The X-ray diffraction (XRD) was performed using a diffractometer (Bruker D8 

Advance) with Cu-Kα radiation (λ = 1.54182 Å) in an angular interval from 20° to 100° 

at room temperature. X-ray photoelectron spectroscopy (XPS) data for elemental 

composition and valence information was collected with XPS PHI 5600-ci (Physical 

Electronics, Eden Prairie, MN, USA). The morphology of materials was obtained with 

a scanning electron microscope (SEM) by utilizing a JEOL (JSM7600F) operated at 10 

kV accelerating voltage and a working distance of 14 mm using secondary electron 

imaging mode. Transmission electron microscopy (TEM) and Energy-dispersive X-ray 

spectroscopy (EDS) was performed on a Joel JEM-2100F. Raman measurements were 

acquired on a Renishaw in Via microspectrometer using a 50X objective and a 514 nm 

laser wavelength. 

5.4.5 Preparation of electrodes and electrochemical measurements 

Electrochemical measurements, including cyclic voltammetry (CV), galvanostatic 

charge–discharge (GCD) and electrochemical impedance spectroscopy (EIS), were 
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performed on a Biologic SP-200 potentiostat (Pine Research Instrumentation, Durham, 

NC, USA), controlled by EC-Lab software in a conventional three-electrode system 

with 6 M KOH aqueous solution as the electrolyte. The modified glassy carbon 

electrodes (GC, S = 0.1256 cm2) was used as the working electrodes. The Ag/AgCl 

electrode and the platinum wire were employed as a reference electrode and counter 

electrode, respectively.  

The working electrode was prepared by mixing the as prepared materials NPC with 10 

μL of Nafion™ solution (5 wt %), dispersing into 1 mL water-ethanol solution with a 

volume ratio of 4:1 by at least 30 min sonication to form a homogeneous ink. Then      

18 μL of the resulting suspension was dropped onto the carbon-working electrode and 

dried in the air at room temperature. The CV curves were obtained at the scan rates 

ranging from 5 to 100 mV s-1 with the voltage ranging from -1 V to 0 V. The GCD 

curves were obtained at the current density ranging from 0.5 to 20 A g-1. The (EIS) tests 

were measured in the frequency range from 0.01 Hz to 100 kHz. The symmetric 

supercapacitor device was fabricated by using the NPC as both the positive and 

negative electrodes and graphite layer acted as a collector. Filter paper was used as 

separator and 6 M KOH acted as electrolyte, respectively. The total mass loading of 

NPC of positive and negative electrodes were 2 mg. 

The specific capacitance (F g-1) was determined from GCD curves according to Eq. (1) 

 

                                                                    (1) 

 

where ‘I’ is the charge-discharge current (A); △t is the discharge time (s); △V is the 

potential window (V); and m is the active material loading in the working electrode 

(g). 

The energy (E, W h kg-1) and power (P, Wkg-1) densities were calculated from charge–

discharge measurement using Eq. (2) and Eq. (3) respectively. 

C =
𝐼 ∗ 𝛥𝑡

𝑚∗𝛥𝑉
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                                                            (2) 

 
where ‘C’ is the specific capacitance; ‘ΔV’ is the voltage window of the assembled 

device. 

                                                                                                                                    

                                                                                                             

(3) 

 
where ‘Δt’ is the discharge time. 

 

5.5 Results and Discussion 

The as-prepared C-POPs1 and C-POPs2, were characterized with FTIR, Solid-state 

Nuclear Magnetic Resonance (ssNMR). The FTIR spectra of the monomers and the 

products are displayed in figure 5.2. The absorption peaks of 3360 cm-1 and 1622 cm-1 

were ascribed to the stretching vibration of N-H and C=C groups in p-PDA (Zhang, 

Zhao et al. 2016). The characteristic peaks at 1156 cm-1 and 870 cm-1 were assigned to 

the stretching vibration of P=N and P-N groups in HCCP, respectively, and the peak of 

650 cm-1 was attributed to P-Cl groups (Rhili, Chergui et al. 2021). The absorption 

peaks of TAPA at 3335, 1602, and 1500 cm-1 were attributed to the N-H stretching 

vibration, C=C stretching vibration and the C-C bending vibration of aromatic ring, 

respectively (Zhao, Jiang et al. 2021). In the curves of C-POPs1 and C-POPs2, the 

absorption peaks were very close to the corresponding positions of p-PDA, HCCP or 

TAPP, which meant that the nitrogen and phosphorus co-doped material was 

synthesized successfully. In addition, the peaks at 914 and 924 cm-1 are assigned to the 

stretching vibration of P-NH-Ph (Rhili, Chergui et al. 2021). 

E =
1

2
𝐶(𝛥𝑉)

2
 

P =
𝐸

𝛥𝑡
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Figure 5.2 FTIR spectra of HCCP, p-PDA, TAPA, C-POPs1, and C-POPs2 

 

Cross-Polarization Magic-Angle-Spinning NMR spectroscopy (CP/MAS NMR) for 

13C and 31P was performed to characterize the molecular structures. The 13C CP/MAS 

NMR spectrum of C-POPs 1 showed clearly only two single peaks in the aromatic 

region at 118 ppm and 134 ppm corresponding to the carbons (C=C) and (=C-N-P) 

respectively (figure 5.3a).  However, there are three main peaks in the spectra of            

C-POPs 2 
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The peaks located at 118 and 129 ppm, with different chemical environments can be 

assigned to the signal of the carbons of (C-H) in benzene ring. The peak at around     141 

ppm can be attributed to the carbons (=C-N-P) and (=C-N-C). These results confirm 

that all (NH2) groups of p-PDA and TAPA have reacted with HCCP. The solid-state 

31P NMR spectra (figure 5.3b) exhibit a single sharp peak appears at 2.8 and 6.2 ppm 

corresponding to the phosphorus of P−N bonds in C-POPs 1 and C-POPs 2, 

respectively, indicating one phosphorous chemical environment and a complete 

substitution reaction of all the Cl atoms by p-PDA and TAPA (Wan and Huang 2017). 

 

Figure 5.3 Solid-state (a) 13C and (b) 31P CP/MAS NMR spectrum of POPs1 and 

POPs2 
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The morphology of the as synthesized NPC1 and NPC2 products were investigated by 

scanning electron microscopy (SEM) and transmission electron microscopy (TEM) 

(figure 5.3). It can be observed that NPC1 exhibits spherical morphology with some 

cracked ends (figure 5.4a). Whereas NPC2 displayed a clusters morphology (figure 

5.3b). TEM and HR-TEM (figure 5.3 c-f) results show a highly mesoporous structure 

of NPC1 and NPC2. This morphology with the pore structure can increase the specific 

surface area and their capacitance of storing electrons and ions, which provide more 

active sites to obtain a higher specific capacitance (Zou, Zhang et al. 2020, Zeng, Miao 

et al. 2021).  

In addition, the elemental mapping (see appendix D, figure D1) confirms the existence 

of C, N, O, and P, indicating the successful N, P co-doping into the carbon materials.  

 

Figure 5.4 SEM images of (a) NPC1, (d) NPC2, TEM and HRTEM images of 

(b, c) NPC1 and (e, f) NPC2 
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The phase structure of the carbon samples was tested by using power X-ray diffraction 

(XRD) patterns, as shown in Figure 5.5a. The NPCx (x = 1,2)  samples show two broad 

diffraction peaks at 2θ values of around 25° and 44°, corresponding to (0 0 2) and 

(1 0 0) planes of carbon materials, respectively (Liu, Liu et al. 2017). The appearance 

of broad peaks confirmed the amorphous structure of the carbon materials (Abbas, 

Basharat et al. 2020).The graphitization degrees for the carbon samples were studied 

by the Raman analysis.  

As shown in figure 5.4b, the Raman spectra have two peaks located at around            

1352 cm-1 and 1593 cm-1, corresponding to the D-band peak and the G-band peak, 

respectively. The D band reflects the defects and disorder of carbon materials while the 

G band is associated with the bond stretching of the pair of sp2 carbon atoms (Lin, Ma 

et al. 2018, Rhili, Chergui et al. 2021). The intensity ratio (ID/IG) of the G band and D 

band reflects the graphitization degree of carbon materials (Chen, Liu et al. 2018, Wan, 

Xiao et al. 2020). The ID/IG values of NPC1 and NPC2 are 0.96 and 0.98, respectively, 

and their ratios are all less than 1, indicating that the C-POPs samples had a high degree 

of graphitization (Zeng, Miao et al. 2021). Moreover, the ID/IG value of NPC2 is higher 

than NPC1, indicating that more defective sites were created through the incorporation 

of heteroatoms into the carbon network (Li, Qin et al. 2019).  
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Figure 5.5 (a) XRD patterns and (b) and Raman spectra of NPC1 and NPC2 

 

The pore structures of the obtained samples were studied by nitrogen 

adsorption/desorption isotherms and the results are shown in table D1 (see appendix 

D). Figure 5.6a displays the nitrogen adsorption-desorption isotherms of NPC1 and 

NPC2 samples. It can be seen that the adsorption-desorption isotherms of the samples 

could be a composition of type I and type IV according to the International Union of 

Pure and Applied Chemistry (IUPAC) classification, indicating the presence of 

micropores and mesopores (Carja, Serbezeanu et al. 2014, Zhang, Sun et al. 2019, Wan, 

Xiao et al. 2020). As can be seen from table D1, the surface areas (SSAs) calculated 

by the Brunauer-Emmett-Teller (BET) method and total pore volumes (Vtotal) of 

samples increased from 943.3 m2. g-1 to 1042.7 m2. g-1 and from 0.51 to 0.68 cm3 g-1, 

respectively. It could be explained that the C-POPs2 material has a higher graphitic 

structure due to its larger aromatic ring structure and higher carbon content.  

On the other hand, during the carbonization process, the gases released from the 

decomposition of nitrogen and phosphorus expand carbon sheets, leading to an increase 
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in the specific surface area of carbon materials (Lotsch and Schnick 2007, Cheng, Yi 

et al. 2019). Figure 5.6b also shows the pore size distributions of the samples based on 

the Barret-Joyner-Halenda (BJH) method. The samples exhibited sharp peaks ranging 

from 2 to 10 nm and a distribution of pores in the range of 10-50 nm, which confirm 

the coexistence of mesopores and micropores characteristics in these samples. The 

electrode material with a high specific surface area can provide abundant 

electrochemical active sites and enhance the effective charge storage area between 

electrode and electrolyte, thus improving the performance of supercapacitor (Xu, Li et 

al. 2018, Li, Lv et al. 2021). 

 

 

Figure 5.6 (a) N2 adsorption-desorption isotherms, (b) pore size distribution of 

NPC1 and NPC2 
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To evaluate the electrochemical performance of produced samples as supercapacitor 

electrodes to reveal the functions of nitrogen and phosphorus functionalities, CV, EIS 

and galvanostatic charge/discharge (GCD) measurements were carried out in a three-

electrode configuration using 6 M KOH. Figure 5.6a displays CV curves of NPC1 and 

NPC2 electrodes at a scan rate of 50 mV s-1 within the potential window of -1 V to         

0 V. It can be observed that the CV profile of NPC2 shows typical rectangular-like 

shape compared with NPC1, which indicates that the electrode possesses both 

electrochemical double-layer capacitors (EDLC) and Faradaic pseudo-capacitance 

(Panja, Bhattacharjya et al. 2015, Gao, Fu et al. 2018, Zhang, Mo et al. 2019). 

Moreover, the CV curve area of NPC2 is bigger, revealing that NPC2 possessed the 

relatively highest specific capacitance. The GCD curves of NPC1 and NPC2 measured 

at a current density 1 A g-1 are presented in figure 5.6b. The curves exhibit a quasi-

triangular shape, indicating good electrochemical reversibility (Liu, Chang et al. 2019). 

Moreover, the longer charging/discharging time is clearly obtained for NPC2 compared 

to NPC1, implying higher capacitance behaviors, which in agreement with the CV 

results (figure 6.6a). The specific capacitance was calculated at different current 

densities (0.5 to 20 A g-1) from the GCD curves (see Appendix D, figure D2b) for NPC1 

and (figure 5.7b) for NPC2 according to Eq. (1). the specific capacitance of NPC2 can 

attain 483 F g-1 at 0.5 A g-1, which is much higher than NPC1 (275 F g-1). 

 

 

 

 

 

 



 138 

 

 

 

Figure 5.7 (a) CV curves at the scan rate of 50 mV s-1, (b) GCD curves at the 

current density of 1 A g-1, (c) the specific capacitance at various current densities in the 

range 0.5-20 A g-1 NPC1 and NPC2 

 

 

 



 139 

Figure D.1a and figure 5.8a are the cyclic voltammograms of NPC1 and NPC2 

respectively, at different scan rates ranging from 5 to 100 mV s-1. The shape of the CV 

curve gradually changes from an irregular rice-grain shape for NPC1(Appendix D, 

figure D.1b) to a nearly symmetrical rectangular shape for NPC2, indicating that charge 

and ion transfer are effectively improved through the elevation of the graphitic structure 

(Barzegar, Bello et al. 2015, Chaudhary, Nayak et al. 2018). This is due to the 

enhancement of conductivity, and enlarged microporous and mesoporous surface area 

(Zeng, Miao et al. 2021). 

The GCD curve (figure 5.8b) presents the shape of a nearly symmetrical triangle, and 

its current density ranges from 0.5 to 20 A g-1, representing highly reversible charge-

discharge behavior. The effect of pore structure and the ion diffusion/electron on the 

performance of the electrode NPC2 was investigated by electrochemical impedance 

spectroscopy (EIS). The imaginary part of the impedance tends to zero, and a 

semicircle with small diameter is displayed at high frequencies in figure 5.8c, whereas 

at low frequencies it increased sharply, thus approaching the variation of impedance. 

The EIS results show that the electrode had a good electron transfer process and 

indicated satisfactory capacitive behavior (Kouchachvili, Yaïci et al. 2018, Momodu, 

Sylla et al. 2019, Sun, Xue et al. 2020). Besides, the cycling stability of the NPC2 has 

been resulted to 98% of the initial specific capacitance after 10000 charge/discharge 

cycles at current density of 10 A g-1 (figure 5.8d), suggesting higher stability and 

excellent cycle performance. These results confirm the excellent synergistic effect of 

heteroatom doping in the carbon materials. 
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Figure 5.8 (a) CV curves of the NPC2 electrode in 6 M KOH aqueous solution 

at different scan rates, (b) GCD curves of the NPC2 electrode at different current 

densities, (c) Nyquist plots of NPC2, (d) Cycling stability of the NPC2at a current 

density of 10 A g-1 and the inset showing first and last cycles of GCD curves 
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To demonstrate the practical application of as-prepared NPC2 sample for 

supercapacitors, a symmetrical two-electrode device was assembled using an 

electrolyte of 6 M KOH under a potential range of 0-0.8 V. CV and GCD measurements 

were employed to evaluate the electrochemical performance of the devices, as shown 

in figure 5.9. The schematic illustration of the assembled symmetric supercapacitor is 

shown in figure 5.9a. As depicted in figure 5.8a, all the CV curves of the symmetric 

supercapacitor display quasi-rectangular shapes various scan rates from 5 mV s-1 to  

100 mV s-1. Obviously, When the scanning speed reaches 100 mV s-1, the curve still 

maintains the shape of rectangle, indicating that NPC1 has an ideal capacitive behavior 

(Xue, Zhu et al. 2019).  

GCD curves show good symmetrical triangle at various current densities from 0.5 to 

10 A g-1, revealing highly reversible charge-discharge behavior (figure 5.9c). The 

specific capacitance, energy and power density of the supercapacitor were calculated 

from the GCD curves. As shown in figure 5.8d, the calculated specific capacitance of 

NPC2 is 193 F g-1, even when the current density increased up to 10 A g-1, the specific 

capacitance still maintains 147 F g-1 with the retention of 77.0%, demonstrating the 

good rate capability of the NPC2.  Besides, the Ragone plot of the NPC2 symmetric 

supercapacitor device was calculated from the discharge curves using the equations (3) 

and (4). As presented in figure 5.9e, the NPC2 delivered the energy density of 

13.2 W h kg-1 at a power density of 700 W kg−1 under 0.5 A g-1, and retained the energy 

density of 7.4 W h kg-1 at 6800 W kg-1, which is better than many carbon materials 

reported previously (Guo and Gao 2009, Le, Yang et al. 2015, Chen, Huang et al. 2016, 

Yuan, Hu et al. 2017, Xue, Zhu et al. 2019, Shen, Mo et al. 2020, Sun, Xue et al. 2020). 

 



 

 

Figure 5.9 (a) The schematic illustration of the assembled symmetric supercapacitor, (b) CV curves of the symmetric 

supercapacitor measured at different scan rates under a potential range of 0-0.8 V in 6 M KOH electrolyte, (c) GCD curves 

of the symmetric supercapacitor at different current densities, (d) Specific capacitance of NPC2 under variable current 

densities and (e) Ragone plot of the NPC2 device



 

5.6 Conclusion  

In summary, NPCx have been successfully prepared by means of carbonizing 

cyclomatrix polyphosphazene, which is synthesized by a polymerization technique 

between hexachlorocyclotriphosphazene and p-phenylenediamine (or Tris(4-

aminophenyl) amine). The obtained N/P co-doped carbon materials have a hierarchical 

porous structure, providing a channel for the transport and storage of electrons and ions 

as supercapacitor electrode, the specific capacitance of the NPC2 displays a high 

specific capacitance of 483 F g-1 at 0.5 A g-1 in a 6M KOH electrolyte, revealing a 

superior performance rate. The capacity retention after 10,000 consecutive charge-

discharge cycles at 20 A g-1 is 98%, demonstrating excellent cycling stability. The 

assembled symmetric supercapacitor exhibits an energy density of 13.2 W h kg-1 at a 

power density of 700 W kg-1. These results indicated that the heteroatoms doped in 

carbon sheets would enhance electrochemical performance, which opens the pathway 

for fabrication of high-surface-area hierarchical activated carbon for energy storage 

devices with high performance. 

 

 

 

 

 

 

 



 

CHAPITRE VI 

CONCLUSION ET PERSPECTIVES  

L’oxyde de graphène (OG) est l’un des derniers nés de lignée d’allotropes de carbone, 

il est un excellent candidat pour la fabrication de nanocomposites en raison de la 

présence de groupes oxygène. 

Dans cette thèse, nous avons présenté l’historique de la synthèse de l’OG, sa structure 

et les fondements théoriques des techniques de caractérisation de pointe des matériaux. 

Une brève description des matériaux carbonés dopés aux hétéroatomes et leurs 

applications comme retardataires de flamme et comme supercondensateurs (Chapitre 

I).  

Ensuite, nous avons présenté le Chapitre II, présentant un manuscrit publié dans ACS 

Omega (2020). Une nouvelle méthode de préparation d’oxyde de graphène 

fonctionnalisé (FGO). Le FGO obtenu a été préparé par une réaction 

d’hexachlorocyclotriphosphazène et de p-phénylendiamine avec GO. Ce matériaux 

(FGO) a démontré une excellente stabilité thermique par l’analyse TGA et une 

excellente capacité ignifuge par les tests de flamme. L’incorporation de résines époxy 

sur GO et FGO a démontré que EP@FGO présentait une résistance au feu beaucoup 

plus élevée. De plus, la fonctionnalisation de l’oxyde de graphène par HCCP et p-PDA 

a été étroitement analysée par différentes techniques spectroscopiques, notamment 

FTIR, spectroscopie Raman et RMN à l’état solide. D’autres techniques telles que le 

SEM, EDX et TEM haute résolution ont été utilisées pour démontrées les différences 

structurelles entre GO et FGO et ont confirmées la présence d’azote et de phosphore 

sur le FGO. Finalement, l’incorporation des anneaux de phosphazène dans la résine 
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époxy offre une bonne inflammabilité grâce à la combinaison unique de phosphore et 

d’azote.  

Le Chapitre III, présentant un manuscrit publié dans ACS Omega (2023). Ce manuscrit 

a couvert une nouvelle voie pour la synthèse des microsphères de type 

polyphosphazène cyclomatrix par polymérisation en un seul pot 

d’hexachlorocyclotriphosphazène (HCCP) et de p-phénylènediamine (p-PDA) en 

présence de triéthylamine (TEA) comme retardateur de flamme. De plus, des résines 

époxy thermodurcissables ont été préparées en incorporant l’éther diglycidylique de 

bisphénol A (DGEBA) et divers pourcentages (2, 5 et 10%) de C-PPZ. Les résultats 

obtenus ont démontré que la taille et la morphologie des microsphères changent 

progressivement en fonction de l’augmentation de la température (100, 120 °C et        

200 °C) avec un diamètre de 3,12 μm, 4,9 μm à 7,7 μm successivement. Nous avons 

observé aussi que les microsphères C-CPPZ avaient une bonne stabilité thermique 

jusqu’à 900 °C, avec une perte de masse d’environ 10% en poids pour le C-CPPZ formé 

à 200 ° C. 

Le Chapitre IV, a été consacré à l’étude des dispositifs de stockage d’énergie comme 

les supercondensateurs avec leurs diverses applications. Comme précurseur clé, le GO 

a été synthétisé avec de l’hexachlorocyclotriphosphazène et du p-phénylènediamine. 

Les résultats ont démontré que le PN-rGO a une structure poreuse avec une 

morphologie de couche mince transparente et ridée. De plus, le test électrochimique du 

a révélé que le PN-rGO possède des propriétés capacitives améliorées (capacité 

spécifique élevée de 292 F g-1 à 0,5 A g-1) et une capacité de débit remarquable par 

rapport au rGO non dopé et une excellente stabilité de cycle. Le supercondensateur 

symétrique composite PN-rGO développé présente aussi une densité d’énergie 

relativement élevée de 8,2 Whkg-1 à une densité de puissance de 570 Wkg-1 dans 

l’électrolyte KOH.  
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Le Chapitre V, couvre la préparation du carbone poreux co-dopé azote/phosphore 

comme matériau d’électrode efficace pour les supercondensateurs avec une méthode 

simple et efficace. L’électrode de courant NPC2 a révélé une capacité spécifique élevée 

de 483 F g-1 à 0,5 A g-1 et présente d’excellentes performances électrochimiques avec 

une excellente stabilité de 98% après 10 000 cycles continus de charge-décharge à        

20 A g-1. Nous avons assemblé aussi un supercondensateur symétrique.  

Comme perspectives, de nouveaux catalyseurs pour le dégagement ou la réduction 

d’oxygène (OER/ORR) à base de matériaux carbonés fonctionnalisés au 

polyphosphazène seront à synthétiser. L’étude de ces réactions électrochimiques sur 

des surfaces aux structures bien définies représente un outil important pour élucider les 

mécanismes réactionnels, identifier les sites actifs et permettre la déconvolution des 

réponses électrochimiques de surface. De plus, la présence d’une structure carbonée 

favorise le passage des électrons ainsi que des groupements phosphorés et azotés 

pouvant catalyser cette réaction. 

Ce travail pourrait être effectué par une analyse plus approfondie des surfaces de 

carbone modifiées et par l’étude de la cinétique par des méthodes électrochimiques 

classiques telles que les électrodes tournantes à disque et à anneau, ce qui permet de 

déterminer le pourcentage de peroxyde produit et d’évaluer la constante de vitesse de 

réaction. 
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Figure A.1 Illustration of synthetized thermoset epoxy resin 

 

 

 

 

 

 

 

 

Figure A.2 XRD spectra of GO and FGO 
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Figure A.3 a) survey spectra of GO and FGO; (b) C 1s spectrum of GO; (c) C 1s 

and (d) N 1s spectra of FGO 
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Figure A.4 High-resolution transmission electron microscopy (HRTEM) image 

with the corresponding SAED pattern (top insert) of (A) (GO) and (B) (FGO) 

 

Tableau A.1 Element content of GO and FGO measured from XPS analysis 
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 Tableau A.2 Detailed TGA data for EP and its composites under N2 atmosphere 
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Figure B.1 TGA curve of p-PDA and HCCP 
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Figure B.2 Particle-size distributions of the C-PPZs microspheres at (a) 100 oC,       

(b) 120 oC, and (c) 200 oC 
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C.1 Synthesis of reduced graphene oxide (rGO) 

Graphene oxide (GO) was synthesized following a modified Hummer’s method, as 

reported by our group using natural graphite as raw material (Brisebois, Izquierdo et 

al. 2020, Chergui, Rhili et al. 2020, Rhili, Chergui et al. 2021). Reduced graphene oxide 

(rGO) was prepared by ultrasonication for 1h of the GO powder (100 mg) in deionised 

water (100 mL) to achieve a concentration of (1 mg mL-1). Then, the GO suspension 

was transferred to a 100 mL Teflon-lined autoclave and hydrothermally treated at       

200 oC for 24 h. the obtained product was further pyrolyzing under the same annealing 

processes. 

 

 

Figure C.1 SEM images of (a) GO and (b) FGO 
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Tableau C.1 Element content of P, N-rGO measured from XPS analysis 

 

 

 

 

 

 

 

 

 

 

 

 

Figure C.2 Specific capacitances of rGO at different current densities 
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Figure D.1 TEM elemental mapping images of (a) NPC1 and (b) NPC2 with C, N, 

P and O elements 

 

 

Figure D.2 (a) CV curves of the NPC1 electrode in 6 M KOH aqueous solution at 

different scan rates and (b) GCD curves of the NPC1 electrode at different current 

densities 
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Tableau D.1 BET surface area and pore structure characterization of NPC1 and 

NPC2 
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