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Résumé :

Depuis quelques années, les NCs binaires ont connu un développement exponentiel grace a
leurs intéressantes propriétés, notamment, leur photoluminescence qui peut non seulement étre
controlée par leur taille mais également par leur composition. Dans le cadre de cette theése, nous
avons développé une nouvelle méthode de synthése en milieu aqueux de NCs de ZnS par voie
colloidale. Nous avons tout d’abord commencé par la synthése des nanocristaux de Sulfure de
Zinc (ZnS) en utilisant l'acide thioglycolique (TGA) comme stabilisant. Ces nanocristaux de
ZnS-TGA ont été utilisés comme alternative peu colteuse et respectueuse de I'environnement
pour la photodégradation du bleu de méthyléne (MB) et de I'orange de méthyle (MO) a partir
de solutions aqueuses par irradiation solaire. L'activité photocatalytique des nanocristaux de
ZnS-TGA sous irradiation solaire pour dégrader les colorants MB et MO testés et leur mélange
dans des solutions aqueuses a été évaluée. Une efficacité élevée de dégradation du colorant a
été obtenue en trés peu de temps (27 min) et cette performance a été attribuée a la charge de
surface négative, a la surface, aux défauts de surface et a la forte dispersion des nanocristaux
de ZnS-TGA sur le milieu aquatique. Ensuite, nus rapportons une voie facile et verte pour une
nouvelle synthése de nanoparticules de ZnS a 1'aide d'extrait de plante d’ Artemisia Herba Alba
(AHA) pour une adsorption/photodégradation efficace du colorant bleu de méthyléne. Les
résultats ont montré un décalage vers le bleu dans la bande d'absorbance et des valeurs de bande
interdite d'énergie plus élevées que les matériaux ZnS massifs, ce qui était d0 aux effets de
confinement quantique. Ces NCs vertes de ZnS-AHA ont montré une surface spécifique de
36,82 cm2 g! et une capacité d'adsorption de 31,17 mg g~' pour bleu de méthyléne. Les
performances de dégradation photocatalytique des nanoparticules vertes sous irradiation solaire
ont montré un taux de dégradation remarquable du colorant de 94,09 % en 180 min. Enfin,
capteur de gaz a base des nanocristaux de ZnS-AHA est proposé pour la détection de vapeur de
méthanol. La partie sensible de ce microcapteur de méthanol est préparée par encapsulation de
nanoparticules de ZnS dans le chitosane. Un film mince de composite chitosane/ZnS-NPs a été
¢lectrodéposé sur les électrodes d'or interdigitées par essai chrono-ampérométrique. Les
réponses de détection de gaz d'éthanol, de méthanol et d'acétone des films ont été mesurées a
température ambiante, par des mesures conductométriques différentielles a 10 kHz. Le temps
de réponse des capteurs (trep) pour le méthanol est de 11 a 25 s des concentrations les plus

faibles aux plus élevées. La limite de détection du méthanol est de 1400 ppm en phase gazeuse.



Le capteur de méthanol présente une sensibilité 3,8 fois plus faible pour 1'éthanol et 30 fois plus
faible pour l'acétone. La durée de conservation du capteur de méthanol est d'un mois.

Mot clés : Nanoparticles ; ZnS ; Adsorption ; Photocatalyse ; capteur de gaz

Abstract:

In recent years, binary NCs have experienced exponential development thanks to their interest-
ing properties, in particular, their photoluminescence which can not only be controlled by their
size but also by their composition. As part of this thesis, we have developed a new method for
the synthesis in agueous medium of ZnS NCs by colloidal route. We first started with the syn-
thesis of Zinc Sulfide (ZnS) nanocrystals using thioglycolic acid (TGA) as a stabilizer. These
ZnS-TGA nanocrystals have been used as an inexpensive and environmentally friendly alter-
native for the photodegradation of methylene blue (MB) and methyl orange (MO) from aqueous
solutions by solar irradiation. The photocatalytic activity of ZnS-TGA nanocrystals under solar
irradiation to degrade the MB and MO dyes tested and their mixing in aqueous solutions was
evaluated. High dye degradation efficiency was obtained in a very short time (27 min) and this
performance was attributed to the negative surface charge, surface area, surface defects and
high dispersion of ZnS- nanocrystals. TGA on the aquatic environment. Next, we report an easy
and green route for novel synthesis of ZnS nanoparticles using Artemisia Herba Alba (AHA)
plant extract for efficient adsorption/photodegradation of methylene blue dye. The results
showed a blue shift in the absorbance band and higher energy bandgap values than the bulk
ZnS materials, which was due to quantum confinement effects. These green ZnS-AHA NCs
showed a surface area of 36.82 cm2 g—1 and an adsorption capacity of 31.17 mg g—1 for meth-
ylene blue. The photocatalytic degradation performance of green nanoparticles under solar ir-
radiation showed a remarkable dye degradation rate of 94.09% in 180 min. Finally, a gas sensor
based on ZnS-AHA nanocrystals is proposed for methanol vapor detection. The sensitive part
of this methanol microsensor is prepared by encapsulation of ZnS nanoparticles in chitosan. A
thin film of chitosan/ZnS-NPs composite was electrodeposited on the interdigitated gold elec-
trodes by chrono-amperometric test. The ethanol, methanol and acetone gas sensing responses
of the films were measured at room temperature, by differential conductometric measurements
at 10 kHz. The sensor response time (trep) for methanol is 11-25 s from lowest to highest con-
centrations. The detection limit for methanol is 1400 ppm in the gas phase. The methanol sensor
has 3.8 times lower sensitivity for ethanol and 30 times lower sensitivity for acetone. The shelf

life of the methanol sensor is one month.

Keywords : Nanoparticules ; ZnS ; Adsorption ; Photocatalysis ; Gas sensor
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Le développement des nanotechnologies est I’un des axes de recherche privilégiés ces dernicres
décennies. Diverses applications dans une multitude de secteurs sont des témoins allant de
I’ordinateur quantique a 1’imagerie médicale en passant par les écrans, 1’éclairage, les capteurs,
les biocapteurs, les lasers, les batteries, la conversion photovoltaique et la photocatalyse pour
la dégradation des polluants persistants. Ceci est initié par 1’¢laboration de nouveaux
nanomatériaux qui sont a la fois intéressants de point de vue fondamentale ainsi que
technologique. En particulier, les nanocristaux des semi-conducteurs II-VI (également appelés
« points quantiques ») en sont de parfaits exemples. Ce sont des nanoparticules colloidales
formées de quelques centaines a quelques milliers d’atomes seulement qui émettent de la
fluorescence apres leur excitation par une source de lumic¢re UV ou visible. Certaines de leurs
propriétés optiques et électroniques (spectres d’émission fins et accordables par la taille, bons
rendements quantiques de photoluminescence) sont exceptionnelles et sont directement
corrélées a leur taille et/ou a leur composition. En effet, leur taille réduite induit le confinement
spatial des porteurs de charges conduisant a la discrétisation des niveaux d’énergies ainsi qu’a
I’¢largissement de la bande interdite du matériau. C’est I’effet du confinement quantique. Ainsi,
en changeant la nature ou le rayon de nanoparticule semi-conductrice, il est possible de balayer
une bonne partie du spectre ¢lectromagnétique. Par exemple, les nanocristaux de séléniure de
cadmium (CdSe) peuvent émettre dans I’ensemble du spectre visible (de 450 a 700 nm environ)
lorsque leur taille varie de 2 nm a 10 nm. Ces nanocristaux sont stabilisés par une couche de
ligands organiques adsorbés a la surface, ce qui permet d'assurer la stabilité colloidale et la
passivation de défauts de surface. Cette couche organique améliore de facon spectaculaire le
rendement quantique de fluorescence des coeurs inorganiques. Malgré 1’augmentation
significative de D’intensit¢ de luminescence des nanocristaux de semi-conducteurs, cette
intensité reste encore trop faible pour répondre aux besoins technologiques et énergétiques
mondiaux. Il a alors fallu développer des voies alternatives afin d’obtenir d’intenses émissions
de photons a partir de ce matériau. Par exemple, les nanocristaux de séléniure de cadmium
(CdSe) peuvent émettre sur tout le spectre visible (environ 450 a 700 nm) lorsque leur taille
varie de 2 a 10 nm. Ces nanocristaux sont stabilisés par une couche de ligands thiols organiques
tels que l'acide mercaptopropionique (MPA) et le glutathion (GSH), qui sont adsorbés a leur
surface pour assurer la stabilité colloidale et la passivation des défauts de surface. De plus, ils
sont généralement stabilisés par de 1'alcool polyvinylique (PVA) et du chitosane. D'autres
revétements peuvent étre utilisés tels que les matrices en silice. Par conséquent, cette couche
organique peut améliorer considérablement l'efficacité de fluorescence quantique du noyau

inorganique. Cependant, il est important de synthétiser des nanocristaux a tres faible toxicité
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tels que ZnO, ZnSe, TiO2 et ZnS , qui doivent avoir toutes les caractéristiques requises pour
leur intégration dans diverses applications et notamment dans les activités photocatalytiques.
Les méthodes traditionnelles de fabrication des nanoparticules (NPs), en revanche, impliquent
souvent l'utilisation de produits chimiques et de solvants toxiques, qui peuvent étre nocifs pour
I'environnement. Par conséquent, il existe un intérét croissant pour le développement de
méthodes respectueuses de 1'environnement pour la biosynthése des nanoparticules. Une de ces
approches est l'utilisation d'agents biologiques, tels que des micro-organismes, des plantes et
des enzymes, pour la synthése des nanoparticules. Ces agents peuvent réduire les ions
métalliques et générer des NPs par un processus connu sous le nom de bio-réduction. Par
exemple, les nanoparticules peuvent étre synthétisées a partir de substances biologiques telles
que des plantes, des algues, des bactéries et des champignons, ce qui est défini comme une
alternative nouvelle, simple, rapide, économique et écologique. Actuellement, il existe un
intérét croissant pour la méthode de chimie verte pour la synthése du sulfure de zinc. Les
extraits de plantes présentent plusieurs avantages, tels qu'une manipulation sire et la non-
toxicité. En outre, ils peuvent agir a la fois comme agents réducteurs et stabilisants pour les

nanoparticules.

Les problémes de pollution de l'environnement sont pertinents dans le monde entier et
nécessitent le développement de procédés de traitement efficaces pour éliminer/dégrader les
polluants avec de meilleures performances que les technologies actuelles, en particulier pour
celles appliquées au traitement de 1’eau. L'une des principales sources de pollution de I'eau est
I'élimination inappropriée des colorants utilisés dans les fibres textiles, la coloration des métaux
et la peinture. Ces produits chimiques sont miscibles dans I'eau méme a de faibles
concentrations et ils contribuent aux problémes de pollution liés a la génération d'une quantité
considérable d'eaux usées contenant des molécules de colorants résiduels. Ces colorants
peuvent étre toxiques et cancérigenes et, par conséquent, il est nécessaire de trouver des
techniques pour dégrader/éliminer ces polluants dangereux. L'une de ces nouvelles méthodes
repose sur le processus écologique d'oxydation avancée (PAO) qui fait intervenir de puissantes
especes oxydantes pour parvenir a la minéralisation compléte des polluants organiques en CO2
et HoO ou au moins a leur transformation en intermédiaires biodégradables. La photocatalyse
est le processus d'irradiation d'un matériau semi-conducteur soit naturellement, soit par un flux
de photons. Un électron est ainsi photo-libéré en effectuant une transition d'énergie de la bande
de valence (BV) vers la bande de conduction (BC). Cette transition génére un couple (¢” /h")

dans le matériau. Les paires électron-trou diffusent vers la surface du catalyseur ou l'interaction
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avec les molécules d'eau générerait des espéces hautement oxydantes de peroxyde (02") et de
radical hydroxyle (OH"), responsables de la dégradation des molécules organiques adsorbées a
la surface du photocatalyseur. Cette méthode de traitement est efficace et verte pour résoudre
la pollution causée par une variété¢ de polluants de l'eau, y compris les molécules de colorant.
Les molécules de colorant sont hautement solubles dans 1'eau avec une faible pression de vapeur
et, par conséquent, elles peuvent étre utilisées comme compos€s modeles pour tester et évaluer
les performances de nouveaux photocatalyseurs. Parmi les nanoparticules couramment utilisées
pour dégrader ces molécules toxiques, les nanocristaux de sulfure de zinc (ZnS) sont une
alternative intéressante en raison de leur grande stabilité¢, de leur non-toxicité et de leur

abondance dans la nature.

Ainsi, le développement d'un capteur d'alcool présentant une sensibilité élevée ainsi qu'une
sélectivité optimisée, pouvant fonctionner a température ambiante doit étre bien adapté a cette
demande. Afin de faciliter la détection en ligne et la mesure portable, I'objectif principal du
développement des capteurs d'alcool est la détection de 1'alcool en phase gazeuse. L'alcool de
méthanol est un solvant organique tres utile avec des applications répandues dans les carburants
automobiles et la fabrication de couleurs, de colorants, de médicaments, de parfums, de
formaldéhyde, etc. Cependant, il est hautement toxique et souvent mortel pour les étres
humains. Le large éventail d'applications, la toxicité et les implications cliniques du méthanol
rendent impératif le développement d'un capteur de méthanol fiable et sélectif. L'objectif
principal est donc de détecter le méthanol en présence d'autres alcools. La principale forme de
transduction étudiée dans les approches de détection est ici décrite : onde acoustique, résistance
ou changements capacitifs. Le capteur de gaz conductimétrique est le plus largement utilisé
parmi les dispositifs connus et utilisés pour controler les gaz dangereux et inflammables dans
le diagnostic médical, les processus industriels et les études environnementales. Les capteurs
conductimétriques présentent une conception simple qui se compose de seulement deux

composants : une couche conductrice sensible et des €lectrodes de contact.

Dans le cadre de cette thése, nous avons développé une nouvelle méthode de synthése des
nanocristaux de ZnS. L’impact de la surface sur les propriétés optiques et structurales des NCs
a été ¢étudié a travers ’utilisation de deux types de ligands organiques et biologiques. Par la
suite, la performance de ces NCs synthétisés a été évaluée par I'utilisation dans deux
applications environnementales : la photocatalyse des polluants organiques et les capteurs de

gaz.
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La these est composée de quatre chapitres :

Le Chapitre I est une étude bibliographique qui comprend une description de la structure des
NCs, leurs méthodes de synthése, leurs propriétés ainsi que leur application. Nous nous
intéresserons plus particulierement aux NCs de ZnS en présentant leurs propriétés, leurs
méthodes de synthése ainsi que leurs applications pour mettre en évidence I’avantage de ce type

de NCs par rapport aux autres nanocristaux.

Le Chapitre II représente les résultats de 1article « High impact of thiol capped ZnS
nanocrystals on the degradation of single and binary aqueous solutions of industrial azo dyes
under sunlight », publié dans le journal of Environmental Chemical Engineering en 2021 : S.
Ouni, N. Mohamed, M. Bouzidi, A. Bonilla-Petriciolet, M. Haouari J. Environ. Chem. Eng. 9
(2021) 105915. https://doi.org/10.1016/].jece.2021.105915. Ce chapitre est consacré a la

synthése en milieu aqueux des NCs de ZnS en utilisant un ligand organique de TGA, a I’étude
de leurs propriétés optiques et structurale.

Ces NCs synthétisés ont été utilisé pour la dégradation de solutions aqueuses simples et binaires
de colorants azoiques industriels sous la lumiére du soleil.

Le Chapitre III représente les résultats de 1’article « 4 Novel Green Synthesis of Zinc Sulfide
Nano-Adsorbents Using Artemisia Herba Alba Plant Extract for Adsorption and Photocatalysis
of Methylene Blue Dye », publié dans le journal Chemistry Africa en 2023 : S. Ouni, N. B. H.
Mohamed, M. Haouari, A. Elaissari, A. Errachid, and N. Jaffrezic-Renault Chemistry Africa
(2023), https://doi.org/10.1007/s42250-023-00667-7. Ce chapitre est consacré a la synthese en

milieu aqueux des NCs de ZnS par la chimie verte en utilisant I’extrait de 1’ Artemisia Herba

Alba et a I’étude de leurs propriétés optiques et structurale.

Ces NCs synthétisés ont été utilis€é pour I’adsorption et dégradation de solutions du bleu de

methylene.

Le Chapitre IV représente les résultats de 1’article « A4 novel conductometric micro-sensor for
methanol detection based on chitosan/zinc sulfide-nanoparticles composite obtained by green
synthesisy, publié dans le journal of Inorganic and Organometallic Polymers and Materials en
2023 : S. Ouni, A. Madaci, M. Haouari, N. B. H. Mohamed, F. Bessueille, A. Elaissari, A.
Errachid, and  N.Jaffrezic-Renault, J  Inorg  Organomet  Polym  (2023),
https://doi.org/10.1007/s10904-023-02696-8.
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Ce chapitre est consacré a 1’¢laboration d’un micro-capteur conductimétrique pour la détection
du méthanol basé sur un composite chitosane/sulfure de zinc-nanoparticules obtenu par

synthése verte.

Une partie annexe présente les différentes techniques de caractérisation utilisée dans le cadre

de cette these.

Le manuscrit se termine par une conclusion générale qui présente les principaux résultats

obtenus et les perspectives de recherche sur les travaux réalisés.
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Chapitre 1

Etude bibliographique sur les nanoparticules
semiconducteurs II-1V
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Introduction
Dans ce premier chapitre, nous commencerons par donner un apergu général sur les différentes
propriétés des semiconducteurs massifs II-VI. Ensuite, nous nous focaliserons sur un bref état
de connaissances actuelles sur les nanocristaux (NCs) semi-conducteurs de type II-VI, en
particulier leurs propriétés électroniques, optiques et structurales venants de leurs dimensions
nanométriques. Enfin, Nous exposerons les différentes voies de synthése des nanocristaux

semi-conducteurs II-VI et leurs applications les plus développées jusqu’a présent.

I. Généralités sur les semiconducteurs massifs I1-1V
1.1 Définition

Un semi-conducteur est un matériau qui a la capacité de conduire I'électricité a un niveau inter-
médiaire entre un conducteur (comme les métaux) et un isolant (comme le verre). Il possede
une conductivité électrique intermédiaire entre celle des isolants (1022 2 101 Qt.cm™) et celle
des métaux (10 Q1 .cm™) [1]. Cette conductivité varie sous I’effet de la température, excitation
lumineuse et la présence d’impuretés (dopage, défauts du réseau). Les semi-conducteurs sont
principalement les éléments de la colonne 1V du tableau de la classification des éléments (Si,
Ge) mais aussi des composes I11-V (GaAs, InP) et 1I-VI (ZnS, CdSe, CdTe) [2]. Il existe plu-
sieurs types de matériaux semi-conducteurs dont quelques exemples et leurs propriétés sont
présentées dans le Tableau 1.1. Ce qui nous intéresse dans ce travail, ce sont les semi-conduc-
teurs de la famille 11-VI, en particulier le ZnS. Ce dernier est 1’association d’un élément de la
colonne Il (Zn) avec un élément de la colonne VI (S) de la classification périodique de Mende-
leiev. Donc ces composés ne possedent que deux électrons de valence de I’élément Zn sur leur
derniére orbitale (s) et quatre €électrons sur les orbitales s et p de I’élément S. Dans le cadre de
la théorie des bandes, les semi-conducteurs 11-VI massifs sont caractérisés par deux bandes
d’énergie : une bande de conduction (BC) qui est la bande permise de la plus haute énergie qui
peut étre partiellement remplie d’électrons ou bien vide et la bande de valence (BV) de plus
basse énergie remplie d’électrons [3]. L’écart entre ces dernicres est appelé bande interdite ou
gap. Cette bande est faible relativement aux matériaux isolants (1-4 eV). La Figure 1.1 montre

les niveaux d’énergie relatifs a ces deux bandes.
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Energie

BC = Bande de conduction

vide
G (vide)
BV = Bande de valence
. (pleine)
Isolant Semi-conducteur Métal
Gap large Gap étroit Gap nul

Figure I.1 : Diagramme énergétique schématique des matériaux conducteurs, semi-conducteurs et

1solants.

Tableau I.1 : Exemple de matériaux semi-conducteurs et quelques parameétres associés [4]

Semi-conducteur Type | Energie de bande interdite | Structure cristal- Rayon de Bohr
du massif a 300 K (eV) line (nm)
Oxyde de Zinc (ZnO) 1.VI 3.30 Wurtzite 24
Seleniure de Cadmium | I11.VI 1.76 Waurtzite 5.30
(CdSe)
Sulfure de Cadmium 1.VI 2.52 Waurtzite 3.00
(CdS)
Sulfure de Zinc (ZnS) | 1L.VI 3.60 Zinc blende 2.50
Seleniure de Zinc 1.VI 2.70 Zinc blende 4.50
(ZnSe)
Arseniure de Galium 1n.v 1.42 Zinc blende 12.2
(GaAs)
Arseniure d’Indium n.v 0.35 Zinc blende 31.2
(InAs)
Phosphorure d’Indium | I11.V 1.34 Zinc blende 9.9
(InP)

1.2 Structure cristalline
A température ambiante, les semi-conducteurs 11-VI, en particulier le ZnS, existent sous deux

structures cristallines distinctes [5] :

- Structure Zinc blende (sphalérite) : dans laquelle les deux sous réseaux du Zn et du S sont
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cubiques a faces centrées 1’un par rapport a I’autre de ¥4 du paramétre de maille. Elle pos-
séde donc un empilement cubique a faces centrées (cfc).
- Structure Waurtzite (hexagonale) : dans cette structure les sous réseaux dans le cristal sont
hexagonaux compacts.
Ces deux structures sont treés similaires de point de vue structural mais I’alternance des plans
est différente :la structure Zinc-blende est constituée d’une alternance de type
ABCABCABC... et la structure Wurtzite est caractérisée par une alternance de plans de type
ABABAB...En conséquence, la différence énergétique entre les deux structures est faible et il
est courant que ces deux structures coexistent au sein du méme matériau [6]. Dans le cas du
sulfure de zinc (ZnS), la structure Zinc-blende est la phase qui est thermodynamigquement stable
a basse température, alors que la structure Wurtzite est la plus stable a température élevée. La

Figure 1.2 représente ces deux types de structures cristallines.

@ P M

P @ P ‘\=_ /]

' Y 4 P
Zn S

Figure 1.2: Structure cristalline de ZnS : (a) Zinc-blende et (b) Wurtzite

Les paramétres de maille sont :
- a=5.41A pour la structure zinc blende
- a=3.82Aetc=6.62 A pour la structure Wurtzite.

1.3  Propriétés optiques

Le ZnS est un semi-conducteur a gap direct, c’est a dire le sommet de la BV et le minimum de
la BC correspondent au méme vecteur d’onde. L’excitation optique d’une manicre résonante
(hvexe = Eg) ou non résonante (hvexc > Eg) donne naissance a une paire €lectron-trou suite a
I’excitation d’un électron de la BV vers la BC. L’¢électron et le trou sont liés par attraction
Coulombienne et forment un état 1i¢ appelé exciton (Figure 1.3), leur distance moyenne est
appelée rayon de Bohr de I’exciton par analogie avec le rayon de Bohr de 1’atome d’hydrogéne.
Dans le cas du ZnS, le rayon de Bohr de I’exciton est de 1’ordre de 2.5 nm [7]. L’¢électron et le

trou relaxent vers des niveaux d’énergie plus bas par émission de phonons vers le réseau et leur
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recombinaison peut se faire d’une fagon radiative par émission de photon : c’est le phénomene
de la photoluminescence. Dans le Tableau 1.2 on présente quelques propriétés physiques de

ZnS a 300K

ande de 0
czndﬂdidon w
\o
k

RN
sonde e /Om\j

o Absorption d’un photon

o Relaxation

9 Emission d’un photon: photoluminescence

E,

Figure 1.3 : Mécanisme d’émission dans un semi-conducteur massif

Tableau 1.2 : Propriétés physiques de ZnS a 300K [8].

) Structure de ZnS
Propriétés
Zinc-blende Wourtzite
Paramétres de maille (A) a=0,541 a=3,82¢etc=6,26
Point de fusion (°C) 1185
Constante diélectrique statique & (F/m) 8,9
Constante diélectrique & (F/m) 8,854 x 1012
Masse d’¢électron libre (kg) mo= 9,109 x 103!
Masse effective de 1’électron m,=0,28my
Masse effective du trou m;, =0,61mq
Rayon de Bohr (nm) ag= 25
Energie de gap (eV) Eg =3,6

1. Généralités sur les semi-conducteurs nanocristaux

Les nanocristaux (NCs) semiconducteurs, souvent appelés points quantiques (quantum dots,
QDs), sont des petites particules cristallines ayant typiquement un diameétre compris entre 1 et
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10 nm. Ils sont généralement constitués d’un cceur cristallin composé d’un métal (Zn, Cd, Cu,
...) associ¢ a un chalcogénure (Se, S, Te, ...), recouvert d’une couche de molécules qu’on ap-
pelle ligand (Figure 1.4). Cette couche est indispensable pour assurer la stabilité des NCs sous
forme des particules colloidales et éviter leur agregation ainsi que pour définir leur polarité. Le
cceur contient une quantité dénombrable d’atomes, typiquement quelques centaines a plusieurs
dizaines de milliers, avec une importante fraction d’atomes a la surface et qui augmente avec

la diminution de la taille des NCs [9].

L’augmentation de la proportion des atomes a la surface des NCs, suite a la réduction de leur
taille, peut donner naissance a des imperfections de surface tels que des états pieges dus aux
liaisons pendantes. Ces derniéres génerent des recombinaisons non-radiatives des paires élec-
trons-trou qui affectent les propriétés optiques des NCs, notamment leur rendement quantique
(RQ) de fluorescence. Afin de contourner ces obstacles, il faudra réaliser une bonne passivation
de la surface des NCs. Ceci est possible soit par un échange de ligands [10] ou par la croissance

d’une ou plusieurs coquilles inorganiques [11,12].

N

Nanocristal de Ligands

semi-conducteur

Figure 1.4: Représentation schématique d’un NC recouvert d’une couche de ligand
I1.1 Nanocristaux colloidaux : Forme et taille

Les nanocristaux colloidaux, également connus sous le nom de nanocristaux semi-conducteurs
(NCs) ou de points quantiques, sont des particules cristallines de taille nanométrique
(typigquement de I'ordre de quelques nanometres a quelques dizaines de nanometres) dispersées

dans un milieu colloidal, généralement une solution liquide.

Historiquement, les premiers NCs synthétises en 1993 par Murray et al étaient sphériques [13].

Cette morphologie est la plus thermodynamiquement favorisée puisqu’elle minimise le rapport
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surface/volume des NCs. Afin d’induire une anisotropie morphologique, il est important de
favoriser une croissance cinétique en jouant sur les ligands et la quantité de monomeres en
solution. En effet les ligands vont avoir des affinités accrues pour certaines facettes du NC.
Ainsi, en contrélant la nature des ligands, il est possible d’orienter la croissance dans une di-
rection ou une autre [14].

En termes de forme, les nanocristaux colloidaux peuvent présenter une variété de morphologies
(Figure 1.5), notamment des sphéres, des baténnets, des branchées, etc. La forme spécifique
dépend des conditions de synthése et des interactions entre les atomes ou les molécules consti-
tuant les nanocristaux.

En résumé, les nanocristaux colloidaux peuvent adopter différentes formes et tailles en fonction
des conditions de synthése. Leur forme et leur taille influencent leurs propriétés physiques et
chimiques, ce qui en fait des matériaux intéressants pour une large gamme d'applications,

notamment en optoélectronique, en biotechnologie, en catalyse et en nanomédecine [15-18].

Figure 1.5. Différentes formes des nanocristaux : (a) sphériques, (b) batdnnets, et (c) bran-

chées

11.1.1 Qu’est-ce qu’un nanocristal colloidal

Un nanocristal colloidal est un cristal semi-conducteur de taille nanométrique synthétisé par
voie chimique, celle-ci pouvant étre solide (verre, polymére) ou liquide. Ils furent découverts

dans les années 80 par Alexei Ekimov, [19] et la premiére synthese colloidale organometallique
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fut publiée par I’équipe de Bawendi au MIT en 1993. 1l s’agit d’assemblages de quelques di-
zaines a quelques milliers d’atomes arrangés en monocristaux ou poly-cristaux. Les atomes
situés au cceur de la nanoparticule auront des environnements ¢électroniques différents de ceux
situés a sa surface. Les conséquences de ce phénomene sont nombreuses et nous pouvons no-
tamment citer la modification du parameétre de maille du NC en comparaison avec le matériau

massif.

Afin d’assurer la stabilité colloidale en solution et d’éviter 1’agrégation des nanoparticules, les
nanocristaux sont enrobés par des ligands organiques. Ces ligands sont implantés sur la surface
des nanocristaux. Ils contiennent une téte polaire et une queue apolaire, qui peut étre une ou
plusieurs chaines alkyles (Figure 1.6). Un bon controle de la croissance des nanocristaux est

assuré par I’échange des ligands a la surface des particules [20].

Figure 1.6 : (a) Suspensions colloidales de nanocristaux de CdSe de différentes tailles
illuminées par une lampe a ultraviolets (b) schéma d’un nanocristal colloidal de CdSe entouré

de ses ligands assurant la stabilité colloidale

I1.1.2 Synthése par voie colloidale

L’objectif de syntheése des nanocristaux par voie colloidale est d’obtenir des dispersions composées
d’objets absolument similaires (Figure 1.7). Il est alors essentiel de contréler les tailles de ces nano-
objets afin d’obtenir une population monodisperse. Parmi ces méthodes de synthése par voie colloidale
on distingue deux principaux types : la synthese en milieu aqueux et la synthése en milieu non-aqueux.
Notre étude est basée sur la synthése en milieu aqueux. Ce procédé de synthése, mis au point pour la
fabrication des nanocristaux de ZnE (E étant un chalcogenure: soufre S, Sélénium Se ou tellure Te), a
été développée pour inclure d’autres semi-conducteurs tels que les groupes I1-VI1 (CdSe, CdS, HgTe ...)
et I11-V (InP, InAs...). Afin d’assurer la stabilité colloidale en solution et d’éviter I’agrégation, les NCs
sont entourés de ligands. Ces ligands sont situés a la surface des NCs et possédent une téte avec une

bonne affinité pour la surface des NCs et une queue avec une bonne affinité pour le solvant.
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Figure 1.7 : Synthése de nanocristaux en solution par voie colloidale

11.1.3 Synthése en milieu aqueux et organique
La synthése des nanocristaux semi-conducteurs, également appelés points quantiques, est
généralement réalisée par des méthodes chimiques colloidales. Il existe plusieurs approches

pour synthétiser ces nanocristaux.

> La synthése en phase solide (par voie physique) qui peut étre réalisée soit par des

techniques lithographiques [21,22], soit par des techniques €pitaxiales [23,24].

> La synthése en phase liquide (par voie chimique), on 1’appelle aussi synthése colloidale.

Cette méthode, sur laquelle se focalisera notre travail, fait appel a des techniques de la
chimie de colloides. Elle a attiré une grande attention grace aux résultats remarquables
concernant I’obtention de QDs de forme et de taille contrdlées [25]. Cette méthode peut
étre développée en milieu aqueux en présence d’un stabilisant et a des températures
relativement basses (généralement 100-150°C) [26,27] ou en milieu organique
(synthése organométallique, décomposition thermique) a des températures
généralement supérieures a 200°C [28,29]. Quel que soit le solvant, le principe est basé
sur la séparation temporelle des étapes de la nucléation et de la croissance.

> Synthése en milieu organique

La synthése en milieu organique (non aqueux) est utilisée lorsque les matériaux semi-
conducteurs ne sont pas solubles dans I'eau ou lorsque I'eau peut interférer avec la réaction
chimique souhaitée. Les solvants non aqueux couramment utilisés dans ce contexte

comprennent les solvants organiques tels que I’oxyde de tri-n-octylphosphine (TOPO) [30], ,
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I'hexane [31], le toluéne [32]et l'acétone [33] qui jouent le réle de ligands et qui sont
hydrophobes. La synthése en milieu non aqueux peut impliquer des techniques telles que la
microémulsion inverse ou la synthése en phase vapeur, ou les réactifs sont dissous dans un
solvant non aqueux et la réaction chimique a lieu dans ce milieu. Les solvants non aqueux
offrent souvent des conditions réactionnelles différentes, permettant un contrdle plus précis de

la taille, de la forme et de la composition des nanocristaux.

> Synthése en milieu aqueux

La synthése en milieu aqueux est couramment utilisée pour la préparation de nanocristaux semi-
conducteurs tels que les sulfures de cadmium (CdS) et les séléniures de cadmium (CdSe)
[34,35]. Dans cette méthode, les réactifs et les précurseurs sont dissous dans un solvant aqueux,
généralement de I'eau, pour former une solution réactionnelle. La réaction chimique a lieu dans
cette solution aqueuse a des températures ¢levées, généralement avec l'aide de ligands ou de
stabilisants pour contrdler la taille et la croissance des nanocristaux. Les ligands peuvent
¢galement jouer un role dans la stabilisation des nanocristaux et la prévention de leur

agrégation.

La synthese en milieu aqueux possede plusieurs avantages ; elle est spécifiée par sa simplicité,
son importante reproductibilité et sa faisabilité dans la production de grandes quantités des

nanoparticules.

11.1.4 Les étapes de nucléation et de croissance

Généralement, la syntheése des NCs en milieu aqueux se déroule en deux étapes bien distinctes
(théorie de V.K. LaMer [36]) : une phase de nucléation qui est tres courte suivie d’une phase de

croissance qui est plus lente (Figure L.8).

1) La nucléation : La nucléation est la premicre étape de formation d'un nouveau matériau a
partir d'une solution, d'un gaz ou d'un état désordonné. Elle se produit lorsque des agrégats de
taille critique, appelés noyaux, se forment a partir des espéces moléculaires ou atomiques
présentes dans le systéme. La nucléation peut étre spontanée ou induite par des agents de

nucléation tels que des catalyseurs, des surfaces spécifiques ou des chocs mécaniques.

2) La croissance : Une fois que les noyaux sont formés, ils peuvent croitre en taille et en
nombre en incorporant des molécules ou des atomes supplémentaires provenant de la solution
ou de I'environnement. La croissance peut se produire par diffusion des especes chimiques vers

les sites actifs sur la surface des noyaux, ou par agglomération des noyaux existants.
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Lors de la synthése des NCs, un troisi¢me phénomene thermodynamique appelé murissement
d’Ostwald peut avoir lieu quand il n’y a plus de précurseurs permettant la croissance homogene
des nanoparticules [37]. Il s’agit d’une interdiffusion des particules les plus petites ayant une
énergie de surface élevée vers les plus grosses. Par conséquent, une dégradation de la dispersion
en taille des nanoparticules est observée. Afin d’obtenir des nanoparticules monodisperses, il

est donc nécessaire d’arréter la synthése avant que le murissement d’Ostwald ne se produise.
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Figure 1.8 : Croissance des nanoparticules

11.1.5 Le role des ligands dans la synthése colloidale

Lorsqu’on réduit la dimension d’un semi-conducteur massif, sa surface peut présenter des imperfections
en raison de la présence d’atomes sous-coordonnés a la surface, ce qui peut grandement affecter les
performances optiques des nanocristaux. Les effets de surface sont commandés par le rapport entre les
atomes situés en surface et dans le volume. Par exemple, la température de fusion est inversement
proportionnelle au rayon et donc proportionnelle au rapport surface/volume. Ceci est d0 a la diminution
du nombre de coordination a la surface, ce qui réduit I’énergie moyenne de liaison et par consequent la
température de fusion (Ts). Ces défauts induisent la présence de nouveaux niveaux d’énergie dans le
diagramme énergétique. Ces niveaux peuvent &tre compris entre la bande de valence et la bande de
conduction. lls piégent les porteurs de charges donnant lieu a des recombinaisons radiatives et non
radiatives. Ces recombinaisons vont diminuer le rendement quantique (RQ), qui correspond au rapport
du nombre de photons émis sur celui des photons absorbés. La plupart des NCs de semi-conducteurs «
nus » présentent un RQ inférieur a 10 % a cause d’un grand nombre de défauts présents a leur surface
[38]. Pour assurer la passivation de ces liaisons pendantes a la surface, on doit alors utiliser des ligands
organiques ou des coquilles inorganiques pour obtenir des nanocristaux fluorescents. En effet, les
ligands peuvent parfois diminuer le nombre de défauts (sous-coordination) et assurer une passivation de

la surface [39].
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11.2 De ’organique vers la chimie verte

La transition de la chimie organique vers la chimie verte est un domaine d'évolution important
dans le domaine de la chimie. La chimie verte vise a concevoir et a développer des processus

chimiques qui sont plus durables, respectueux de l'environnement et économiquement viables.

La chimie verte encourage l'utilisation de substances chimiques moins toxiques ou non
toxiques, en remplacant, par exemple, des solvants organiques dangereux par des solvants
aqueux ou d'autres solvants verts [40]. Cela réduit les risques pour la santé des travailleurs,
diminue l'impact environnemental et favorise une production plus sire. Cette alternative
favorise la minimisation des déchets chimiques en favorisant les réactions sélectives, la
régénération des catalyseurs, le recyclage des solvants et l'utilisation de méthodes de
purification efficaces [41]. Cela conduit a une production plus propre et a une réduction de la
pollution. La chimie verte vise a aligner les progrés de la chimie avec la préservation de
'environnement et la durabilité a long terme. En adoptant des principes et des pratiques de la
chimie verte, il est possible de réduire l'impact négatif de la chimie sur la planéte, tout en
développant des produits et des processus chimiques qui répondent aux besoins actuels et futurs

de la société.
11.2.1 Synthése Verte des nanoparticules

La chimie verte des nanoparticules se réfere a 'utilisation de principes de la chimie verte dans
la synthése, la manipulation et I'application de nanoparticules. La chimie verte, également
appelée chimie durable, est un concept qui vise a minimiser I'impact environnemental des
processus chimiques en favorisant des méthodes plus durables, économes en énergie et

respectueuses de l'environnement.

La fonctionnalisation de surface dans la chimie verte vise a modifier les nanoparticules en
ajoutant des groupes fonctionnels respectueux de l'environnement a leur surface [40]. Cela
permet de les rendre plus stables, réactives ou compatibles avec d'autres matériaux, tout en
minimisant ['utilisation de produits chimiques nocifs. A titre d’exemple les ligands
biodégradables qui sont utilisés pour fonctionnaliser la surface des nanoparticules peuvent étre
choisis parmi des matériaux biodégradables ou issus de sources renouvelables. Par exemple,

des polymeres naturels tels que la cellulose, la chitosane ou I'acide polyglutamique peuvent étre
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utilisés comme revétements de surface respectueux de l'environnement [42—44]. Ces ligands se
dégradent facilement et minimisent I'impact environnemental. Les nanoparticules peuvent étre
fonctionnalisées avec des molécules provenant de sources renouvelables, telles que des extraits
de plantes, les algues ou des composés dérivés de la biomasse [45—47]. Ces molécules peuvent
agir comme des agents de liaison, des stabilisateurs ou des agents réactifs sur la surface des
nanoparticules, offrant ainsi des fonctionnalités spécifiques tout en réduisant I'utilisation de

produits chimiques synthétiques.

La fonctionnalisation de surface dans la chimie verte des nanoparticules vise a obtenir des
propriétés améliorées tout en minimisant l'utilisation de produits chimiques nocifs et en
favorisant des approches respectueuses de l'environnement. Cela permet d'ouvrir la voie a des

applications plus durables et responsables des nanoparticules.

11.2.2 Synthése des nanocristaux a base des extraits des plantes

La synthése de nanocristaux a base d'extraits de plantes est une approche de chimie verte qui
utilise des extraits de plantes riches en composés réducteurs pour la réduction et la croissance
contrdlée de nanocristaux. Cette méthode évite l'utilisation de réactifs chimiques toxiques ou
dangereux souvent utilisés dans les méthodes de synthése conventionnelles. Les extraits de
plantes contenant des composés réducteurs, tels que les polyphénols, les flavonoides ou les
acides organiques, sont sélectionnés pour leur capacité a réduire les précurseurs de nanocristaux
[48]. Différentes plantes peuvent étre utilisées en fonction de la disponibilité des extraits et des
propriétés souhaitées des nanocristaux. Les extraits de plantes sont préparés en utilisant des
techniques appropriées telles que l'extraction par solvant ou l'extraction a l'eau [49,50]. Les
extraits sont obtenus en extrayant les composés réducteurs de la plante et en les concentrant
pour une utilisation ultérieure. Les sels métalliques ou les précurseurs appropriés pour les NCs
souhaités sont préparés séparément. Ces précurseurs peuvent étre des sels de métaux tels que
l'argent, le cuivre, le zinc ou le fer, qui seront réduits par les extraits de plantes. Les extraits de
plantes sont mélangés avec les précurseurs de NCs dans une solution réactionnelle appropriée.
La réduction des précurseurs est initiée par les composés réducteurs présents dans les extraits
de plantes. Les extraits agissent comme des agents réducteurs pour convertir les ions
métalliques en atomes métalliques. Une fois que les ions métalliques sont réduits, les atomes
métalliques se regroupent pour former des noyaux de nanocristaux. La croissance controlée des
nanocristaux est obtenue en ajustant les conditions réactionnelles telles que la température, le
pH, la concentration des précurseurs et la durée de réaction. Cela permet de contrdler la taille,

la forme et la composition des nanocristaux formés. Aprés la synthese, les NCs sont
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généralement purifiés par lavage pour ¢liminer les résidus réactionnels et les exces d'extraits de
plantes. Les NCs peuvent ensuite €tre caractérisés en utilisant des techniques d'analyse telles
que la microscopie électronique, la spectroscopie UV-Visible, la photoluminescence etc., pour
évaluer leur taille, leur forme, leur structure et leurs propriétés optiques. Il est important de
noter que la syntheése des nanocristaux a base des extraits de plantes peuvent varier en fonction
des plantes utilisées, des précurseurs de nanocristaux et des conditions spécifiques de la
réaction. Tableau 1.3 présente la caractérisation des nanoparticules biosynthétisées a partir
d'extraits de plantes.

Tableau 1.3 : caractérisation de nanoparticules biosynthétisées a partir d'extraits de plantes.

NPs Plante Partie du Taille | Morphologie | Références
Plante du NPs des NPs

Ag T. officinale Feuille 5-30 Sphérique [51]

TiO E. purpurea Plante entiere 120 Sphérique [52]

Au Zinnia elegans Plante entiere <25 Sphérique [53]

CuO 1. procumbens Feuille 16 Tige, sphérique | [54]

ZnO C. scolymus Feuille 65.9 Sphérique [55]
Fe304 A. pseudocotula | Pieces aériennes | 11-19 Sphérique [56]

MnO D. tombolens | Pieces aériennes 38 Sphérique [57]

ZnS Acalypha indica | Plante entiére 32 Sphérique [58]

1.3 Propriétés spécifiques des nanocristaux

11.3.1  Propriétés structurales

Les NCs semi-conducteurs présentent majoritairement une structure cristalline zinc blende, a
savoir une structure cubique face centrées de groupe d’espace F43m [59]. Cependant, une
seconde structure, moins fréquente, de type wurtzite ou une structure hexagonale de groupe
d’espace p63mc [60]. Pour le cas de ZnS, la structure ZB est la phase thermodynamiquement
stable a basse température alors que la structure WZ est plus stable a haute température [61].
Les principaux facteurs qui déterminent la structure des NCs sont les conditions de synthese

(température, nature de solvant...) et la nature des ligands [62].

11.3.2 Propriétés électroniques

11.3.2.1 Confinement quantique

A 1’état massif, la structure électronique d’un semi-conducteur présente une bande de valence
(BV) pleine et une bande de conduction (BC) vide, séparées par une bande interdite, le gap, de

largeur Eg. Dans le cas d’un nanocristal, les bandes se séparent en niveaux discrets. (Figure
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1.9). Par ailleurs, un nanocristal peut étre considéré comme un puits de potentiel de taille nano-
métrique ou sont confinés les électrons. Cette taille étant du méme ordre de grandeur que la

longueur d’onde de Broglie (1) définie par [63] :

A= (1.1)

Ou # est la constante de Planck, E est 1’énergie du porteur de charge et m* sa masse effective.
L’effet de taille quantique apparait pour des distances inférieures a la longueur d’onde
thermique de De Broglie sinon la quantification est occultée par I’agitation thermique kzT.Cela
modifie la structure électronique et tend a écarter les niveaux électroniques les uns des autres,
d’autant plus que le rayon du nanocristal r est faible : ¢’est le confinement quantique. La
diminution de taille des NCs semi-conducteurs conduit & une augmentation de la gap bande
interdite. Ainsi les maximums d’absorption et de luminescence se décalent vers les hautes
énergies (petites longueurs d’onde) par rapport au matériau massif. Il est donc possible de

moduler la longueur d’onde d’émission des NCs du proche infrarouge a 1’ultraviolet en

contrblant la taille.
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Figure 1.9 : Présentation schématique de I’évolution de la structure €électronique entre

solide massif et nanocristal de taille décroissante

11.3.2.2 Effet de la taille sur le confinement quantique

En fonction de la taille de la particule, il devient possible de faire varier la largeur de la bande
d’énergie interdite Eg, qui se situe entre la BV et la BC. Eg peut se définir en premiére approxi-

mation avec I’équation déterminée par L.E. Brus en 1986 [64]. Il a proposé un modéle simple

pour le calcul du gap donné par I’équation (1) :
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(1.2)

Le premier terme est la valeur de la bande interdite du matériau massif en (eV), le deuxiéme
terme représente 1’énergie cinétique avec r le rayon de la nanoparticule en (nm), le troisiéme
terme est relatif a I’interaction Coulombienne entre 1’électron et le trou (avec € = g,4¢,.). Le
dernier terme concerne la corrélation spatiale entre 1’¢lectron et le trou, il est trés faible par
rapport aux autres termes de telle sorte qu’on peut le négliger.

Comme mentionné précédemment, la valeur énergétique de la bande interdite augmente avec
la diminution du rayon et est caractérisé par le rayon de Bohr de 1’exciton de matériau massif
rg. Celui-ci représente 1’interaction coulombienne entre les charges de 1’¢électron et du trou :

2
rB:hsr 1 1 (1.3)

ez m; * my
Il est possible d’introduire ce rayon dans 1’équation (1.2) afin de pouvoir calculer la valeur de

la bande interdite a partir des parametres du matériau semi-conducteur :

Ejeno(r) = Eassity £ M0 _ 18 _ pmasity 26 5 7410 q) (1.4)
g g Er 2r &o 8 Er r

Apres formation de 1’exciton, le systéme aura tendance a revenir a son état initial, plus stable,

et I’électron se recombine avec le trou. Si le retour a 1’état initial donne lieu a 1’émission d’un

photon, alors le phénomeéne est dit radiatif. Cependant, certains éléments peuvent perturber ce

phénomene, en particulier le milieu extérieur et les défauts de structures en volume et en surface

de la particule.

11.3.2.3 Régime de confinement quantique

La mise en évidence expérimentale de I’effet de la taille sur le confinement quantique de 1’ex-
citon a été obtenue par Ekimov et Onushchenko en 1981 [65] sur des micro- cristallites de CuCl
dispersés dans un verre silicaté. Ils observeérent un décalage vers le bleu du principal pic d’ab-
sorption avec la diminution de la taille des particules. Et c’est en 1982 qu’Efros [66] y appose-
rent un modele théorique. Il repose sur les hypothéses suivantes :

- Les particules possedent une forme sphérique avec une barriére de potentiel infinie a 1’exté-
rieur des particules.

- L’approximation des masses effectives (EMA)

- Des bandes d’énergie paraboliques.

On distingue 3 régimes de confinement (Figure 1.10). lls sont définis par comparaison du
rayon R du NC relativement au rayon de Bohr ag [52] :

% Le régime de confinement faible : R >ap :
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Dans ce régime de confinement, les dimensions de la nanoparticule sont plus grandes que le
rayon de I’exciton (R >>aj) et I’énergie coulombienne est dominante. Par conséquent, la for-
mation de I’exciton est plus favorable. On retrouve alors le cas de I'exciton du SC massif.

% Le régime de confinement intermédiaire : R ~ag:
Dans ce cas le rayon de Bohr est de méme ordre que celui du nanocristal. L’électron et le trou,
sont confinés differemment.

% Le régime de confinement fort : R<ag:
Ce régime de confinement apparait quand la taille de la particule est inférieure au rayon de
I’exciton (R < ap). L énergie de confinement dans ce cas est dominante et les deux porteurs de

charges (électron et trou) sont indépendamment confinés.

Enfin, I'expérience montre que les conditions requises pour étre dans I'un de ces deux régimes
sont : R > 3 ag pour le régime de confinement faible et R <ag pour le régime de confinement

fort.

r>rg r~rg r<rg

Figure I.10: Représentation schématique des trois régimes de confinement d’un nanocristal
11.3.3 Propriétés optiques
11.3.3.1 Absorption UV-visible
L’absorption d’un photon par le NC a lieu si son énergie est supérieure ou égale au gap du
matériau a des niveaux d’énergie confinés. En raison du phénomene de confinement quantique,
une diminution du diamétre des nanocristaux entraine un déplacement hypsochrome, c’est-a-
dire vers des énergies plus €levées et donc vers des longueurs d’onde plus faibles au seuil d’ab-

sorption. Le spectre d’absorption révele un maximum bien défini correspondant a la transition
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optique du premier état excitonique [67]. La position de ce signal dépend de la valeur énerge-
tique de la bande interdite. Cette bande d’absorption est reliée a la taille des NCs et sa forme et
sa largeur résultant de la distribution en taille des NCs considéres. Ainsi, un échantillon poly-
dispersé ne présentera généralement qu’un épaulement a la longueur d’onde de la transition

excitonique (Figure 1.11).
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Figure 1.11 : Spectres d’absorption et de photoluminescence d’une solution colloidale de NCs

semi-conducteurs
11.3.3.2 Photoluminescence

L’absorption d’un photon par un matériau va exciter un €lectron a partir de la bande de valence
vers la bande de conduction en formant un trou dans la bande de valence. Le retour de 1’¢électron
a I’état fondamental se traduit par I’émission d’un photon (ou d’un phonon). On distingue plu-

sieurs chemins pour la désexcitation de pair électron — trou :(Figure 1.12)

Une émission radiative des bords de bandes (interbande) : dans ce cas les spectres d’émission
se caractérisent par un pic intense dont 1’énergie est li¢e a la taille des nanocristaux et dont la
largeur & mi-hauteur est une caractéristique de la dispersion en taille des nanocristaux.

Une émission radiative faisant intervenir des niveaux intermédiaires : elle est assurée via des
impuretés ou bien des défauts, les spectres d’émission se caractérisent par un pic large a une
énergie plus faible que celle du pic d’émission de bord de bande. Ce type d’émission est di a
des pieges de surface « deep traps » qui créent des niveaux d’énergie dans la bande interdite.
Des émissions non radiatives : Elles peuvent faire intervenir des défauts. Plus ils sont nom-

breux, plus le rendement quantique est faible.
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En théorie, la photoluminescence correspond a I’émission d’un photon d’énergie égale au gap
Eg. En fait, la raie de PL est déplacée de quelques nm vers les grandes longueurs d’onde par
rapport au pic excitonique dans le spectre d’absorption. Ce décalage appelé décalage de Stokes
[68]. Ce déplacement est dii a une 1égere perte d’énergie de 1’électron excite entre le moment
de son excitation et de sa relaxation. Cette perte se fait soit sous forme de chaleur, soit sous
forme de phonons (énergie de vibration). La présence de défauts peut également engendrer la
recombinaison électron-trou a plus faible énergie par des canaux non radiatifs entrainant alors
une perte d’efficacité de 1’émission du QD [69]. Ce phénomeéne se traduit par I’apparition d’un

large signal a hautes longueurs d’ondes que nous appellerons « signal des états de surface »

(Figure 1.12).
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Figure I.12: Représentation schématique de décalage de Stockes dans les NCs
11.3.3.3 Rendement quantique (RQ)

Le rendement quantique de luminescence (RQ) est la probabilité d’émission d’un photon par
luminescence apres absorption d’un photon d’énergie supérieure. En général des phénomenes
de désexcitation non radiatifs ont lieu et donc le rendement quantique est inférieur a 100 %.
Cette mesure est réalisée en comparant le rapport des nombres de photons émis et absorbés par
I’échantillon a un fluorophore de référence dont le rendement quantique est connu. Cette
méthode nécessite d’avoir un spectre d’émission et d’absorbance pour le fluorophore de

référence et pour I’échantillon a mesurer. Le rendement quantique est donné par [70] :

& —® Ages Fops ngps’ (| 5)
QDs ref Agps Frer nrer’ '

Ou les indices Ref et QDs indiquent I’espéce considérée, le fluorophore de référence (dans notre
étude ; Rhodamine 6G) et les quantums dots respectivement, 4;est 1I’absorbance de 1’échantillon

a la longueur d’onde d’excitation, F; est I’aire sous la courbe de fluorescence, n;est I’indice du
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solvant utilise pour faire les spectres et @, est le rendement quantique du fluorophore de

référence.

I11.  Applications des nanocristaux de semi-conducteurs de ZnS

Aujourd’hui, les nanocristaux semi-conducteurs de ZnS jouent un rdle crucial dans des
domaines distincts comme les cellules photovoltaiques [71], les capteurs [72], les modulateurs
[73], I’optoélectronique [74], les LEDs [75], et la photocatalyse [76] (Figures 1.13).

Au fil de cette thése, nous découvrirons comment les nanocristaux de semi-conducteurs
luminescents ouvrent la voie a de nouvelles possibilités technologiques et scientifiques. Leur
potentiel est immense, et ils continuent d'étre étudiés et explorés dans de nombreux domaines.
Les applications présentées ici ne représentent qu'une fraction de ce que les nanocristaux de
semi-conducteurs luminescents peuvent accomplir. Leur capacité a manipuler la lumiere a
I'échelle nanométrique ouvre la porte a des avancées passionnantes et prometteuses, qui
pourraient transformer notre maniére d'afficher, de capter, de stocker et d'interagir avec la

lumiére.

Figure 1.13 : Applications des nanocristaux semi-conducteurs de ZnS

I11.1 Optoélectronique

Les nanocristaux semi-conducteurs de sulfure de zinc (ZnS) ont suscité un grand intérét dans
les applications optoélectroniques en raison de leurs propriétés optiques et électroniques
uniques. Ces NCs peuvent étre utilisés comme matériaux émissifs dans les LED [77]. En
contrblant la taille des nanocristaux, leur longueur d'onde d'émission peut étre réglée, ce qui
permet de produire des LED qui émettent de la lumiére dans une large gamme de couleurs. Ces

LED a base de nanocristaux ont des applications potentielles dans les domaines de 1'affichage,
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de I'éclairage et de la signalisation [78]. Ces nouveaux nanomatériaux peuvent étre exploités
comme matériaux actifs dans les photodétecteurs pour la détection de la lumicre dans tout le
spectre électromagnétique [79]. Leurs propriétés optiques uniques, telles qu'une sensibilité
¢levée et un temps de réponse rapide, les rendent appropriés pour des applications telles que
l'imagerie, les communications optiques et la détection. Aussi, ils peuvent étre incorporés dans
les cellules solaires afin d'améliorer leur absorption de la lumiére et leur efficacité de conversion
de l'énergie [80]. En combinant les nanocristaux de ZnS avec d'autres matériaux semi-
conducteurs, tels que des absorbeurs organiques ou inorganiques, il est possible de fabriquer
des cellules solaires hybrides plus performantes. L’imagerie biomédicale représente une
application pertinente a travers les agents de contraste dans les techniques d'imagerie
biomédicale, notamment l'imagerie par fluorescence et la bioimagerie [81]. Leurs propriétés
fluorescentes puissantes et accordables, associées a des revétements biocompatibles, permettent

l'imagerie a haute résolution et le suivi de structures et de processus biologiques.

I11.2 Photodégradation des polluants organiques
111.2.1 Adsorption

Les nanocristaux de ZnS sont couramment utilisés pour 1'adsorption de polluants organiques en
raison de leur stabilité chimique dans les environnements aqueux, de leur affinité pour de
nombreux polluants organiques et de leurs propriétés spécifiques [82].

L'adsorption est un processus par lequel des molécules ou des particules sont retenues a la
surface d'un matériau solide ou liquide. L'adsorption peut se produire par divers mécanismes,
tels que des forces de van der Waals, des liaisons chimiques ou des interactions électrostatiques.
Ce phénomene résulte de l'existence, des forces a la surface du solide, qui sont de nature
physique ou chimique. Ces forces conduisent respectivement a deux types d’adsorption : la
chimisorption et la physisorption [83]. Ce processus est largement utilisé dans de nombreuses
applications, notamment dans le domaine environnemental, pour la dépollution, la purification
de 1'eau, la capture de gaz, la séparation des composés chimiques, et dans 1'industrie chimique
et pharmaceutique [84]. Les matériaux utilisés pour 'adsorption sont souvent des matériaux
poreux a grande surface spécifique, tels que les charbons actifs, les zéolithes, les argiles ou les
nanoparticules [85-89]. Ces matériaux offrent une surface étendue pour l'adsorption des
substances ciblées. L'adsorption est une méthode couramment utilisée dans le domaine de la
purification de I'eau pour éliminer les contaminants organiques, les métaux lourds et d'autres
substances indésirables. Elle est également utilisée dans les processus de filtration, la séparation

des gaz, la chromatographie et la purification des produits chimiques. L'efficacité de
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l'adsorption dépend de plusieurs facteurs, tels que la nature des molécules a adsorber, la surface
et la porosité du matériau adsorbant, les conditions de température et de pression, ainsi que le
temps de contact entre le matériau adsorbant et les molécules a adsorber. L'adsorption est un
domaine de recherche actif, visant a développer de nouveaux matériaux adsorbants plus
efficaces et sélectifs, ainsi qu'a optimiser les procédés d'adsorption pour une utilisation plus

large dans diverses applications comme la photocatalyse.
111.2.2 La photocatalyse des polluants organiques

Avec I’évolution des quantums dots (QDs) solubles dans I’eau au niveau de la syntheése et de la
modification de surface, des photocatalyseurs a base des QDs sont largement utilisées dans les
domaines industriels et biologiques [90]. Dans ce contexte, les nanocristaux ont acquis un grand
intérét dans le domaine de la photocatalyse et la dégradation des colorants organiques rejetés
dans I’environnement par les sociétés industrielles [91]. Afin de minimiser cette pollution de
I’environnement, des efforts doivent étre pris dans I’ensemble des secteurs d’activité particu-
lierement le secteur industriel qui est la principale cause de pollution.

La photocatalyse est un processus dans lequel un catalyseur est activé par I’absorption des pho-
tons générant des agents oxydants capables de dégrader des molécules organiques. Cette tech-
nique est dite hétérogéne si le photocatalyseur est dans un état physique différent de celui de
colorant organique c’est-a-dire il ne doit étre ni consommé ni altéré [92]. La photocatalyse per-
met d’éliminer nombreux composés organiques qui sont des sources de pollutions comme les
colorants organiques. La photocatalyse exploite I'interaction entre la lumiére et le matériau pho-
tocatalytique. Lorsque la lumiere atteint la surface du matériau photocatalytique, les photons
sont absorbés, ce qui excite les électrons du matériau. Les électrons excités peuvent réagir avec
les molécules adsorbées a la surface du matériau, tandis que les trous laissés par les électrons
peuvent réagir avec d'autres especes présentes dans le systeme [93].

Les matériaux couramment utilisés en photocatalyse comprennent des oxydes métalliques tels
que le dioxyde de titane (TiO2), le sulfure de zinc (ZnS), I'oxyde de zinc (ZnO) et le sulfure de
cadmium (CdS) [94-96]. Ces matériaux présentent des bandes d'énergie appropriées qui leur
permettent d'absorber efficacement la lumiere et de génerer des paires électron-trou. La
photocatalyse a de nombreuses applications, en particulier dans le domaine environnemental.
Elle est utilisée pour la dégradation des polluants organiques dans I'eau et I'air, contribuant ainsi
a la dépollution et a la purification de I'environnement. La photocatalyse peut egalement étre
utilisee dans la production d'energie, la synthése de produits chimiques, la purification de I'eau

potable, la stérilisation et bien d'autres domaines [97]. Cette technique présente plusieurs
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avantages, notamment une utilisation de I'énergie solaire renouvelable, une efficacité élevee,
une réduction des sous-produits indésirables, une large applicabilité a différents types de

polluants et une faible consommation d'énergie.

111.3 Capteurs des gaz

Les microcapteurs sont déja une source cruciale d'innovation [98]. Ces dernicres années, des
améliorations significatives ont été apportées aux méthodes de conception et de fabrication des
capteurs et des avancées significatives dans les technologies de microcapteurs utilisant des
matériaux nouvellement congus, résultent en des capteurs de gaz a haute sensibilité.
Les capteurs de gaz sont un type particuliérement efficace de dispositif de détection profonde,
avec un large éventail d'applications dans le domaine des soins de santé suscitant un énorme
intérét dans le monde entier [99].Plusieurs caractéristiques, telles que la sensibilité de
l'appareil, la sélectivité, la précision, la limite de détection (LOD), la résolution, la précision, la
réversibilité, le temps de récupération et le temps de réponse, sont utilisés pour évaluer
la capacité de détection [100]. De plus, la miniaturisation des appareils et la puissance la
consommation, les matériaux colteux et les durées de vie prolongées sont des variables
essentielles dans le développement capteurs dans diverses applications. Nous avons mis en
évidence dans le sous-chapitre suivant les apports de la chromatographie, des capteurs
¢lectrochimiques (semi-conducteur a oxyde métallique et a base organique capteurs de gaz
chimirésistifs), capteurs a nanotubes de carbone, capteurs de gaz acoustiques (acoustique de
surface onde, capteur de gaz capacitif micromachine), capteurs optiques et capteurs de gaz a
cristal photonique [101].

Les capteurs de gaz a base de nanoparticules sont des dispositifs qui utilisent des nanoparticules
pour détecter et mesurer la présence de différents gaz dans l'environnement [72]. Ces
capteurs sont basés sur les propriétés uniques des nanoparticules qui peuvent réagir de
manicre spécifique aux gaz ciblés, ce qui permet de détecter leur présence et de
quantifier leur concentration.

Les nanoparticules utilisées dans les capteurs de gaz peuvent étre de différents types, tels
que des nanoparticules métalliques, des oxydes métalliques ou des nanoparticules de
carbone. Chaque type de nanoparticule présente des propriétés chimiques et physiques
spécifiques qui peuvent étre exploitées pour la détection de gaz.

Lorsque les nanoparticules sont exposées a un gaz spécifique, une réaction se produit entre les
molécules de gaz et la surface des nanoparticules. Cette réaction peut entrainer des changements
dans les propriétés électriques, optiques ou chimiques des nanoparticules, ce qui peut étre
mesuré et quantifié par le capteur. Par exemple, la présence d'un gaz peut modifier
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conductivité électrique des nanoparticules, la résistance ¢€lectrique d'un film contenant les

nanoparticules ou méme provoquer des changements de couleur des nanoparticules [72].

La détection des changements induits par les gaz sur les nanoparticules peut se faire de
différentes maniéres. Les capteurs de gaz a base de nanoparticules peuvent utiliser des
techniques telles que la mesure de la conductivité électrique, la spectroscopie optique, la

résonance plasmonique de surface ou la variation des propriétés électrochimiques [102].

Ces capteurs offrent plusieurs avantages, tels qu'une sensibilit¢ ¢élevée, une faible
consommation d'énergie, une réponse rapide et une taille réduite. Ils peuvent étre utilisés dans
de nombreux domaines, tels que la surveillance de la qualité de l'air, le controle des émissions

industrielles, la sécurité alimentaire ou la détection de gaz toxiques.

V. Conclusion

Dans cette partie bibliographique, nous avons présenté les principales propriétés physiques des
nanocristaux semi-conducteurs 1I-VI. Ces propriétés sont beaucoup affectées par ’effet de
confinement quantique, et deviennent modulables selon la forme et la taille des nanocristaux.
La grande réactivité de surface permet aussi de fonctionnaliser ses nanocristaux, obtenus des
solutions colloidales, par des ligands organiques pouvant servir pour plusieurs applications dans
divers domaines technologiques. Ensuite nous avons présenté les propriétés des nanocristaux

mettant en évidence les voies de synthése organigue et verte.

Notre travail porte principalement sur la préparation des NCs ternaires ZnS par deux méthodes
de synthése organique et verte dans le but de les exploiter dans la photocatalyse des polluants

organiques et les capteurs de gaz.
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Chapitre 11

High impact of thiol capped ZnS
nanocrystals on the degradation of single
and binary aqueous solutions of industrial
azo dyes under sunlight
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Résumé

Des nanocristaux de sulfure de zinc (ZnS) ont été préparés en utilisant une voie colloidale
aqueuse avec I’acide thioglycolique (TGA) comme stabilisateur. Ces nanocristaux de ZnS-TGA
ont été utilisés comme alternative peu cotiteuse et respectueuse de 1’environnement pour la
photodégradation du bleu de méthyléne (MB) et de orange de méthyléne (MO) a partir de
solutions aqueuses utilisant 1’irradiation solaire. Les propriétés structurales et optiques des
nanocristaux ont ét¢ déterminées par diffraction des rayons X, spectroscopie infrarouge de
transformation de Fourier, microscopie électronique de transmission, spectroscopie UV-visible
et photoluminescence. Les résultats ont montré un décalage bleu de la bande d’absorbance et
des valeurs d’écart de bande d’énergie plus élevées que celle du ZnS massif, ce qui était en
accord avec I’effet de confinement quantique. La diffraction des rayons X a confirmé la
formation d’une phase cubique de ZnS-TGA contenant également une phase hexagonale l1égere.
La taille moyenne calculée des nanocristaux de ZnS par la relation de Debye Scherrer était de
3,5 nm. Les résultats de caractérisation ont montré la fixation du TGA sur les nanocristaux de
ZnS via des fonctionnalités soufrées et carboxyliques sur la surface du nanocatalyseur. Les
spectres de photoluminescence obtenus sous la longueur d’onde d’excitation a 325 nm ont
montré trois bandes d’émission (416, 441 et 484 nm), qui étaient principalement liées au bord
de la bande et aux émissions activées par défaut. L’activité photocatalytique des nanocristaux
de ZnS-TGA sous irradiation solaire pour dégrader les colorants MB et MO testés et leur
mélange dans des solutions aqueuses a été évaluée. L’efficacité élevée de dégradation du
colorant a été obtenue a tres court terme (27 min) et cette performance a été attribuée a la charge
de surface négative, a la surface, aux défauts de surface et a la dispersion élevée des
nanocristaux ZnS-TGA sur le milieu aquatique. Dans 1’ensemble, cette étude démontre que ces
nanocristaux pourraient étre utilisés comme nanocatalyseurs a faible colit pour la dégradation

des colorants organiques dans le traitement des eaux usées.
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High impact of thiol capped ZnS nanocrystals on the degradation of
single and binary aqueous solutions of industrial azo dyes under
sunlight

Abstract
Sulfur zinc (ZnS) nanocrystals were prepared using an aqueous colloidal route with thioglycolic
acid (TGA) as a stabilizer. These ZnS-TGA nanocrystals were used as a low-cost and
environmental friendly alternative for the photodegradation of methylene blue (MB) and methyl
orange (MO) from aqueous solutions using sunlight irradiation. Structural and optical
properties of nanocrystals were determined via X-ray diffraction, Fourier transform infrared
spectroscopy, Transmission electron microscopic, UV—Visible and photoluminescence
spectroscopy. Results showed a blue shift of absorbance band and higher energy band gap
values than bulk ZnS materials, which was in agreement with the quantum confinement effect.
X-ray diffraction confirmed the formation of cubic phase of ZnS-TGA containing also a slight
wurtzite phase. Calculated average size of ZnS nanocrystals by the Debye Scherrer relation was
3.5 nm. Characterization results showed the fixation of TGA on ZnS-NCs via sulphur and
carboxylic functionalities on catalyst surface. Photoluminescence spectra obtained under
excitation wavelength at 325 nm showed three emission bands (416, 441 and 484 nm), which
were mainly related to band edge and defect-activated emissions. The photocatalytic activity of
ZnS-TGA nanocrystals under sunlight irradiation to degrade tested MB and MO dyes and their
mixture in aqueous solutions was evaluated. High dye degradation efficiency was achieved at
a very short time (27 min) and this performance was attributed to the negative surface charge,
surface area, surface defects and high dispersion of ZnS-TGA nanocrystals on the aquatic
medium. Overall, this study demonstrates that these nanocrystals could be employed as low-

cost nanocatalyst for the degradation of organic dyes in wastewater treatment.

Keywords: ZnS-TGA ; Nanocrystals ; Photocatalysis ; Binary dye ; Degradation.

Introduction

The development of nanotechnology has been one of the main areas of research in recent
decades. Various applications in different sectors are witnesses of these advances and they
include medical imaging [1], lighting [2], sensors [3], biosensors [4], batteries [5], photovoltaic
conversion [6] and photocatalysis [7] for the degradation of persistent pollutants. Note that these
applications are supported by the development of new nanomaterials that are both scientifically
and technologically interesting. In particular, II-VI semiconductor nanocrystals (also known as

52



quantum dots) are an outstanding example. They are colloidal nanoparticles formed from a few
hundred to thousand atoms that emit fluorescence after being excited by a visible or UV light
source [8]. Some optical and electronic properties of these materials (e.g., fine emission spectra,
good quantum photoluminescence yields) are exceptional and directly correlated with their size
and/or composition [9,10]. Indeed, the reduced size of these nanostructures induces the spatial
confinement of charge carriers leading to the discretization of energy levels as well as to the
widening of the energy bandgap of the material, which is the effect of quantum confinement.
For instance, cadmium selenide nanocrystals (CdSe) can emit across the entire visible spectrum
(approximately 450—700 nm) when their size ranges from 2 to 10 nm [11]. These nanocrystals
are stabilized by a layer of organic thiol ligands such as MPA [12] and GSH [13], which are
adsorbed to their surface to ensure the colloidal stability and passivation of surface defects.
Also, they are usually capped by polyvinyl alcohol (PVA) [14], chitosan [15]and Schiff base
[16]. Other coating can be used such as the matrices as of silica [17]. Consequently, this organic
layer can improve dramatically the quantum fluorescence efficiency of the inorganic core.
However, it is important to synthesize nanocrystals with very low toxicity such as ZnO [18],
ZnSe [19], TiO2 [20] and ZnS [21-24], which should have all the characteristics required for
their integration in various applications and especially in photocatalytic activities. Environment
pollution problems are relevant worldwide and require the development of effective treatment
processes for removing/ degrading pollutants with a better performance than the current
technologies especially for those applied in water treatment [25-27]. One of the main water
pollution sources is the improper disposal of dyes utilized in textile fibers, metal coloring and
painting. These chemicals are miscible in water even at low concentrations and they contribute
to pollution problems related to the generation of a considerable amount of wastewater
containing residual dye molecules [28]. These dyes can be toxic and carcinogenic and, hence,
there is a need to find techniques to degrade/remove these hazardous pollutants. One of these
new methods relies on the ecological process of advanced oxidation (PAO) that involves
powerful oxidizing species to achieve the complete mineralization of organic pollutants into
CO: and H2O or at least their transformation into biodegradable intermediates. Photocatalysis
is the process of irradiating a semiconductor material either naturally or by a flux of photons.
An electron is thus photo-released by making an energy transition from the valence band (BV)
to the conduction band (BC). This transition generates a pair (e— /h+) in the material. Electron-
hole pairs diffuse towards the catalyst surface where the interaction with water molecules would
generate highly oxidizing species of peroxide (O2" ) and hydroxyl radical (OH"), which are

responsible for degrading organic molecules adsorbed on the photocatalyst surface. This
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treatment method is effective and green for resolving the pollution caused by a variety of water
pollutants including dye molecules [29]. However, the small size of these ultrafine
nanoparticles restricts their application due to the difficulty of their recuperation from the fluid.
One alternative to overcome this drawback is the use of a supporting porous material such as
zeolites. Indeed, zeolites have been studied as support for metal nanoparticles [30-33].
However, this supporting structure could be non-convenient for semiconductor nanoparticles
due to their small pores, which do not exceed 2 nm in diameter. Therefore, alternative supports
should be studied and tested for this purpose. On the other hand, methylene orange (MO) and
methylene blue (MB) are widely employed in several industrial applications [34—37]. MO is an
anionic dye that belongs to the azo group and is characterized by an absorption band at 465 nm
due to the group N=N that is responsible of the orange coloring [38]. MB is a cationic dye with
a C-S"=C functional group that is characterized by an absorption peak at 665 nm [39]. These
dye molecules are highly soluble in water with a low vapor pressure and, therefore, they can be
utilized as model compounds to test and evaluate the performance of new photocatalysts.
Among the common nanoparticles used to degrade these toxic molecules, zinc sulfide (ZnS)
NCs are an interesting alternative due to their high stability, non-toxicity and abundance in
nature. In this work, TGA-capped ZnS nanocrystals were synthetized using a simple method at
room temperature and their photocatalytic activity was analyzed via the MO and MB
degradation. These nanocrystals were characterized by Fourier transform infrared spectroscopy
(FTIR), X-ray diffraction (XRD), Transmission electron microscopic (TEM), UV—visible and
photoluminescence spectroscopy (PL). MO and MB degradation with ZnS-TGA nanocrystals

was assessed at different operating conditions under sunlight irradiation.

II. Experimental section
1.1 Materials

All chemicals were analytical grade and obtained from commercial sources. Zinc acetate
dihydrate (Zn[CH3COO]2-2H20), thioglycolic acid (HSCH2COOH), sodium hydroxide
(NaOH) and sodium sulfide (Na2S) were purchased from Sigma-Aldrich. These chemicals were

used without any purification. High-purity water was employed in colloidal synthesis.

1.2 Preparation of TGA-capped ZnS nanocrystals

The synthesis of NCs was done by colloidal wet chemical route as reported in [40] and this
procedure is illustrated in Figure II.1. Thioglycolic acid (TGA) was used as stabilizer for
preparing the ZnS aqueous solution. Zn**/S*/TGA molar ratio of 1/0.4/2.5 was utilized due to
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the stoichiometric requirement, which generated proper coverage and total saturation of the
dangling bonds at NCs surface with thiol group. The experimental synthesis protocol is
briefly described as follows. A solution containing 2 mmol of Zn[OOCCHj;],-2H,0 and 5
mmol of the capping agent (TGA) was prepared with 100 mL of distilled water in a three
necked flask and NaOH (1 M) was added dropwise to this solution to adjust the pH to 11. The
mixture was then agitated and degassed in the presence of N for 30 min. In a second step, 35
mL of Na,S (0.8 mmol) were added to the solution containing Zn-TGA complexes at room
temperature under stirring. This temperature was optimized through previous experiments.
The mixture was then heated under N, reflux at 100°C for 3 h to obtain TGA-capped ZnS
NCs. This temperature was optimized after previous experiments. Finally, the mixture
was cooled in order to stop the growth of NCs. The final solution was concentrated
down using an evaporator and then purified by precipitation and washing with ethanol, and

the samples were stored in vacuum at room temperature.
N,

s

Hydrothermal reaction 007

(100°C)

Zn?+TGA

Figure I1.1: Synthesis of TGA-capped ZnS nanocrystals

11.3 Photocatalyst characterization

Several techniques were applied for the structural and optical characterization of
nanophotocatalyst: XRD, FTIR, UV-visible absorption and PL.XRD measurements were
performed using a Philips X' Pert PRO MPD diffractometer equipped with a CuKa radiation
source (A = 1542 A). TEM images were obtained using a FEI Tecnai G2 electron microscope
operating at an accelerating voltage of 200 kV and equipped with Energy Dispersive X-ray
(EDX) system for element chemical analysis. NCs size and size-distribution data were obtained
from TEM images by measuring at least 100 randomly selected NCs using image processing
program (Image J, version 1.50). Samples were studied by placing a drop of aqueous suspension
of particles onto a carbon film supported copper grid. FTIR spectra were recorded using a

Perkin Elmer version 5.3 spectrophotometer at room temperature in the spectral range of 400—
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4000 cm— 1 using KBr pellet disks. The absorption spectra were registered in the wavelength
range of 200—800 nm at room temperature using a SPECORD 210 Plus spectrophotometer with
a quartz cuvette. PL spectroscopy was applied to analyze the emission properties of the ZnS
using a helium-cadmium laser operating at 325 nm as the exciting source. The sample was
placed inside a close-cycled He cryostat where the temperature can be controlled between 80

and 300 K.

1.4 Evaluation of photocatalytic activity

The photocatalytic activity of TGA-capped ZnS NCs was assessed via the photodegradation of
MO and MB molecules with different initial dye concentrations. The photocatalytic
experiments were carried out at 300 K and pH 7. Prior to the photocatalytic experiments, the
adsorption of MO, MB and MO/MB on TGA-capped ZnS NCs was carried out by mixing 20
mL of aqueous solutions of dyes with 20 mg of the photocatalyst. Before sunlight irradiation,
the suspensions were magnetically stirred for 120 min to allow adsorption-desorption
equilibrium between dyes molecules and NCs. Then, the mixture was submitted to sunlight
irradiation between 11 am and 2 pm to evaluate the dye degradation. According to Beer—
Lambert law, the degradation efficiency was evaluated by measuring the optical absorption at
the maximum absorption wavelengths of MB and MO at 664 and 465 nm, respectively [12].
The degradation percentage and rate were calculated using the following equations [41,42]:

1 (%)=(“'°Af‘0“")x100 = L% y100 (1)

0
kt=LnZ =[n% 4, =A4,e7" )
where Ay is the initial absorbance of the initial dye concentration Co and A¢is the absorbance
1

for the final dye concentration C; after irradiation for an interval of time t. Note that K (min~

) is the calculated first-order rate constant of the photodegradation reaction.

I1l.  Results and discussion
I11.1 Photocatalyst characterization

FTIR spectra of TGA-capped ZnS NCs are shown in Figure IL2. It was observed the
disappearance of thiol group band that is generally observed between 2560 and 2590 cm™,
which indicated the break of SH bond and the fixation of thiol molecules on NCs surface. The
fixation of TGA on ZnS NCs was due to the strong interaction between the sulfur electron pair
and zinc atoms on the NCs surface [40]. The absorption spectrum of ZnS-TGA given in Fig. 2

shows an absorption band at 563 cm™ ! that was attributed to the Zn-S stretching vibrations
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[43]. Also, this spectrum contained absorption bands at 780,850,1429 and 1508 cm’!
corresponding to strain vibration of the bonds C—S, C—H, COO" and C=0, respectively. A wide
band around 3340 cm™ was identified and associated to the O—H elongation vibration of TGA
ligand functional group [44]. These results indicated that TGA molecules were chemisorbed on

the surface of TGA capped ZnS NCs.
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Figure I1.2: Fourier transformed infrared spectra of TGA-capped ZnS NCs

The crystalline structure and average size of ZnS-TGA NCs were analyzed via XRD results.
Figure I1.3 shows the XRD diffraction pattern of NCs obtained as powder. For the phase
identification, the baseline data were obtained from the powder diffraction pattern JCPDS (80-
0020 and 80-0007) for ZnS, which corresponded to the two structures of zinc blende (ZB) and
wurtzite (WZ), respectively. XRD pattern of ZnS-TGA exhibited diffraction peaks at 20 =
28.95°,33.76¢,47.58 and 55.27°, which were attributed respectively to diffraction planes (111),
(200), (220) and (311) of ZB phase. However, the diffraction peak at 31.08° corresponded to
the (101) crystalline plane of wurtzite ZnS. Hence, a hexagonal phase in the final sample may
be present although its contribution was not significant. This structural anomaly make the
distinction between the cubic and hexagonal structure very difficult. Besides, the synthetized
TGA-capped ZnS contained most cubic crystalline phases and a small portion of hexagonal
crystalline phase. Even so, it is important to note that the intensity of the peak (111) suggested
that this direction was the most preferred and confirmed that the structure of ZnS-TGA NCs
was almost cubic. The diffractogram was adjusted by a Gaussian profile to calculate FWHM
and to estimate NCs size using the Debye-Scherrer formula [45].

KA
- Bcos (6) (3)
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where D is the average crystallite size (nm), K is the shape factor (0.9),A is the wavelength of
X-ray (1.5402 A) Cu Ka radiation, P is the measured full width at half maximum for each peak
diffraction and 0 is the Bragg diffraction angle, respectively. The calculated average size of
ZnS-TGA NCs with different crystallographic planes was D = 7.15 £ 0.1nm and the lattice
parameters were a=5.4"A (cubic) and a=3.8"A, ¢ = 6.9°A (hexagonal). These values confirmed
that the size of ZnS-TGA NCs was in the nanometric domain. Since Scherrer formula takes into
account only the size effects coming from the diffraction planes, it provided a lower limit for
the NCs size [46]. This is due to the fact that the size calculation using Scherrer formula neglects
the lattice strain [47]. In other words, the slight shift in XRD pattern positions was an evidence
for the existence of strain along the most intense peak corresponding to (111) plane. Generally,
the strain may be generated by the lattice imperfection and the presence of defects and vacancies

and the size confinement when the size of the particle is very small [11].

c(111) — ZnS-TGA

Fiche JCPDS no 80-0020

Fiche JCPDS no 80-0007

intensity (u.a)

Figure I1.3: X-ray diffraction (XRD) pattern of TGA-capped ZnS NCs

Figure Il.4a shows the TEM images of the sample and the corresponding size distribution
histogram. TGA-capped ZnS NCs exhibited a spherical shape and they were agglomerated due
to the insufficient of ligand amount to cover all ZnS NCs. These aggregates could be due to
high QD concentrations (most likely during the solvent evaporation process at TEM analysis).
The histogram of NCs size distribution showed that the average crystal size was 5.91 &+ 0.5nm.
This result was consistent with DRX measurements. The d-spacing determined from digital
micrograph for ZnS was 0.36 nm, which was close to the spacing of (111) diffraction plane of
ZB-ZnS. Comparing the values calculated by Bragg’s law, it was evident that the growth of
ZnS-TGA occurred preferentially along the direction [111]. NCs elemental composition was

determined by EDX and the results are shown in Figure II.4b and indicated that Zn and S were
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the major elemental components. The presence of Si was related to the signal from the detector.
Copper, oxygen and carbon were associated to TEM grid and TGA stabilizer. These results
confirmed that ZnS NCs were almost stabilized by TGA, which was in agreement with the

binding between TGA and ZnS NCs identified in FTIR analysis.

Element At (%)
Al K 2.00
si K 56.90
s K 13.00
aK 0.20
‘ Fe K 3.10
e D=591mm Znk 24.80
i Totals 100.00

Figure I1.4: (a) TEM images of ZnS-TGA nanocrystals with an inset showing the 0.36 nm
lattice spacing that corresponded to the (111) plane and (b) EDX results.

UV-Visible absorption spectra of the dispersed TGA-capped ZnS QDs solution (Figure I1.5a)
revealed an absorption band at 307 nm, which was associated to the first electronic transition
1Se-1Sh. The band gap energy depends on the NCs size [48] and can be estimated as an
additional confirmation of the size measured by TEM. In comparison with bulk ZnS (344 nm),
there was a blue shift, which was due to the quantum confinement of charge carriers. Optical
absorption measurements allowed to determinate the band gap energy (Eg) of ZnS NCs by using
the TAUC relation [49]:

ahv=A (hv-Eg)" 4)

where a is the absorption coefficient, A is a constant, hv is the photon energy, Eg is the optical
gap of NCs and n is a constant (n = 1/2 for direct semiconductors). The optical gap of ZnS-TGA
NCs was determined by extrapolating the function graph (ohv)? to the value o = 0. The
intersection with the x-axis provided the value of optical gap energy (Figure I1.5b). The

estimated

value of band gap energy was 3.75 eV. It was clear that the gap energy of these nanocrystals
shifted towards the blue as compared to the bulk ZnS (Eg = 3.6 e¢V). This increment of gap
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energy was due to the very small size of NCs, which induced a quantum confinement effect

(QCE) [49]. To estimate the ZnS-NCs size, the simplified equation of Brus was employed [50]:

0.32—29VE—3.49

NCY —
r(Eg") 2(3.50-Ey©)

)

where Ej¢ and r are the energy band gap of nanocrystals and the nanocrystals radius (nm),
respectively. The results confirmed that the increment in the value of optical gap in relation
with the bulk leaded to a quantum confinement and a very small size of NCs (r =2.30 nm). The
difference between the sizes found by absorption spectroscopy and XRD can be explained by
considering that this value was based on the effective mass approximation under the assumption
that the NCs geometry was spherical. However, XRD measurements in polydisperse systems
were controlled by the contribution of the largest particles [51]. It can also be noted that this
difference could be due to the fact that XRD spectra were obtained for powdered NCs, while

the absorption measurements were done for NCs in solution.

(@) (b)

307 nm
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(ahv)3(u.a)
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Figure I1.5: (a) Optical absorption spectrum of ZnS-TGA nanocrystals and (b) graphical

method for the calculation of their optical gap energy

Figure I1.6 shows the PL spectra of the ZnS-TGA NCs in aqueous solution sing TGA as the
ligand and excited with the 325 nm line of a helium cadmium laser at temperatures from 80 to
300 K. Figure I1.7 displays the energy position of PL peak as a function of the measurement
temperature. At all temperatures, the emission spectra of ZnS NCs contained a large band
located at 416 nm (2.98 eV) (band edge “BE”) and two low energy broad bands located at 2.81
eV (441 nm) (Defect 1) and 2.56 eV (484 nm) (Defect 2). The PL spectra of these NCs were

similar at low temperature to those observed at room temperature. It was clear that the excitonic
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state of ZnS-TGA showed significant blue shifts due to temperature decrement, and the PL
bands became narrower whereas their intensity increased. Indeed, the full width at half
maximum (FWHM) of the band edge and defects emission increased with the temperature but
with a slight change of their maximum position. By using Varshni model [52], the very weak
blue shifts of PL peak position were estimated to be 0.4 meV as the temperature decreased from
300 to 10 K. This trend was also observed in the range of 10—300 K for various semiconductors
and reflected the shrink of energy band gap with temperature increments due to the thermal
expansion of the lattice and exciton-phonon coupling [53]. Both effects resulted in the
broadening of the band gap and in turn a blue shift of the excitonic emission, while the energy
position of the (Defect 1)D1 and (Defect 2) D2 bands changed slightly when temperature
increased. This temperature dependence of these bands described a thermal process probably
due to the NCs size distribution and that the impurity levels (traps state or surface defects) into
the forbidden band gap were strongly attached to the ZnS-TGA lattice [54]. On the other hand,
the intensities of both trapping and excitonic emission increased especially at lower temperature
and this effect was attributed to the suppression of phonon-coupled thermal quenching and
different sensitivities to temperature between trapping and excitonic state in NCs [55,56]. At
higher temperatures, the phonon coupling was stronger. Therefore, phonon absorption started
to play a role in assisting the non-radiative recombination probability of electrons and holes as

shown in the decrease of PL intensity [57].
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Figure I1.6: PL spectra as a function of temperature for ZnS-TGA nanocrystals.

In order to explain the temperature behavior of excitonic emission of ZnS-TGA NCs, Figure
I1.8 shows a proposal of an emission mechanism for the possible radiative and non-radiative

transitions of the charge carriers. The blue emissions arise from the band edge emission and/or
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exciton recombination. Based on a previous study on defects in ZnS NCs, the sulfur vacancies
and interstitial zinc atoms were equivalent to localized donor states, while zinc vacancies and
interstitial sulfur atoms lead to acceptor states [54]. In the present study, the synthesized NCs
contained an excess of zinc or sulfur deficiency following a molar ratio to Zn/S > 2. Indeed, the
defect-related emissions were attributed to a transition from either interstitial zinc atom (Iz,) or
sulfur vacancy (Vs) to the valence band [54,58]. The emission between 500 and 700 nm was
assigned to defects trapped on the NCs surface, which arise from surface non-stoichiometry and
unsaturated bonds [54,59]. These results indicated that the photoluminescence properties of

ZnS-TGA strongly depended on the preparation method.

Excitonic emission

(D1)Sulphur vacancy (Vs)to the valence band

(D2) Interstitial zinc(IZn)to the valence band
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Figure I1.7: PL peak position as a function of temperature for both D1 and D2 defects.
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Figure I1.8: Emission mechanism of TGA-capped ZnS nanocrystals.
The fluorescence quantum yield (RQ) of ZnS-TGA was estimated with respect to the organic
dye Rhodamine 6G (RG6) with a known quantum yield (RQ = 0.94 in water) using the Eq. (6)
proposed by Wiirth [60]:
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where the indices Rer and @, indicate the reference fluorophore (R6G for this study) and
quantum’s dots, respectively, Agps is the absorbance of the sample at the excitation wavelength,
Fobs is the area under the fluorescence curve, ngps is the solvent index used to obtain the spectra
and Orris the quantum yield of the reference fluorophore. UV absorption and fluorescence
spectra of RG6 and ZnS-TGA QDs in water were recorded using the same conditions (Figure
I1.9). The quantum yield of ZnS-TGA QDs was 13.96%. This RQ decrement was usually
associated to the presence of defects on the NCs surface because the trapping of charge carriers

behaves as luminescence quenchers and tends to favor the nonradiative decay [61].
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Figure I1.9: (a) Absorption spectra and (b) emission spectra of ZnS-TGA nanocrystals and
RG®6.

111.2 Photocatalytic activity in single and binary aqueous solutions of dye molecules

Because of ecological problems, industries seek the most efficient solutions with the lowest
costs. Photocatalysis using natural sunlight irradiation is an alternative to meet this necessity.
The application of solar power can be a viable method for textile wastewater treatment due to
its eco-friendly and cost-effective performance where 96% of textile industrial wastewater can
be photodegraded during April-June (which is the annual peak of summer period) [62].
According to the World Meteorological Organization, the outer atmosphere of the planet
receives approximately 1367 W/m2 of insolation thus causing that sunlight can be considered
as a renewable, free and clean energy source [62]. Sunlight can be exploited for the irradiation

of semiconductors with the aim of performing the photodegradation of pollutants thus
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contributing to reduce the cost of water treatment methods and the environmental pollution in

comparison to UV lamps.

On the other hand, the available photocatalysts cannot be effective to degrade all types of dye
molecules, which can also be mixed in wastewaters. This is because the textile sector and other
industries can utilize different dyes in their processes. Therefore, it is important to test the
performance of photocatalysts for different dye molecules and mixtures of them. MB and MO
were selected in this study because they are representative molecules of acidic (anionic) and
basic (cationic) dyes. The study of these molecules offered a better understanding of ionic
interaction and its influence on photocatalytic degradation efficiency. In addition, the primary
colors are red, blue and yellow. Therefore, MB dye (blue color) and MO dye (yellow color) are
representative of these conditions. Note that if the prepared materials were able to degrade a
mixture of these dyes, then it can be expected that this material will be suitable for the
degradation of other dye molecules. The photocatalytic performance of TGA-capped ZnS NCs
was evaluated by decolorizing aqueous solutions of MO and MB with different initials
concentrations under sunlight irradiation at the same experimental conditions. Also, further
investigation of photocatalytic degradation activity was conducted using a MB/MO mixture. In
the absence of these NCs, a marginal degradation was observed (approximately 10%) due to
the OH* radicals initiated from water or due to self-sensitization light of dye molecules [63].
This result indicated that the dye degradation was practically negligible without photocatalyst

under sunlight irradiation.

Figure I1.10 illustrates the absorption spectra of MO as a function of the irradiation time using
ZnS-TGA NCs. Four different dye concentrations were utilized to evaluate the degradation
performance of ZnS-TGA NCs. It was observed a high reduction in the absorption of the dye(s)
solution due to the break of the (-N=N-) bond thus indicating that the aromatic compounds
were attacked by hydroxyl radicals and formed intermediate compounds [64]. As a result, MO
dye concentration decreased in the presence of ZnS-TGA NCs and sunlight irradiation until the
full decolorization of the initial solution revealing that MO molecules were completely

degraded.
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Figure I1.10: UV—visible absorption spectra for the MO decolorization using ZnS-TGA
nanocrystals under sunlight irradiation. Initial MO concentration: (a) 10 mg/L, (b) 15, (c) 20
and (d) 25 mg/L.

The effect of the initial MO concentration on the degradation efficiency is reported in Table
I1.1. Decolorization efficiencies greater than 94% were obtained for all concentrations except
for the dye concentration equal to 25 mg/L (79.85%). These efficiencies can be associated to
the small size of TGA molecules used as a stabilizer in addition to the specific surface of NCs
that contributed with more adsorption sites. Therefore, ZnS-TGA NCs exhibited strong
photocatalytic activity for the removal of MO dye. This result could be explained by the large
band gap energy of ZnS, which caused a higher redox potential of e-h pairs and, consequently,
a higher photocatalytic performance [65]. As expected, the dye degradation decreased with the
increment of initial MO concentration. The principal reason for this behavior was that the
generation of 02"~ and OH" radicals on the photocatalyst surface was reduced because active
sites were covered by dye molecules at high dye concentrations. Another possible explanation

was the screening of sunlight by the dye itself leading to a reduction in the light absorption
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ability of the catalyst [66]. Indeed, a significant amount of sunlight can be absorbed by dye
molecules at high concentrations rather than ZnS-TGA, which reduced the efficiency of the
catalytic reaction as the concentrations of OH"and O»"~ species decreased [67]. The degradation

rate constant of MO dye was calculated using Langmuir-Hinshelwood (L-H) kinetics model.

Table I1.1: Efficiencies for the degradation of MO using ZnS-TGA nanocrystals under sunlight

irradiation.
MO concentration (mg/L) Degradation efficiency (%)
10 99.04
15 98.18
20 94.32
25 79.85

Photodegradation plots of In (A0/A) vs. the time t for MO are shown in Fig. 11(a) where K is
the apparent reaction rate constant. Figure I1.11(b) shows that the use of low MO concentration
(e.g., 10 mg/L) generated the best degradation constant K (0.025 min™). Increments of dye
concentration reduced the degradation efficiency where a degradation rate of 0.009 min™! was
estimated for the highest concentration. It can be concluded that the initial MO concentration
had a significant effect on the degradation rates. These results confirmed that TGA-capped ZnS
NCs exhibited strong photocatalytic activity for the removal of MO dye.
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Figure I1.11: (a) Photocatalytic curves and (b) rate constants for the degradation of MO
molecules.

Figure I1.12 shows the corresponding degradation results for MB molecules. The same trends
were observed for MO but with different photocatalytic efficiencies and degradation rates. The

effects of initial MB concentration on the degradation efficiency are presented in Table I1.2
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where the best degradation (91.10%) was observed for 10 mg/L whereas the lowest
photocatalytic efficiency of 72.22% was obtained for the highest MB concentration after 180
min of sunlight irradiation. This finding confirmed that ZnS-TGA NCs showed a significant
decolorization performance causing the destruction of homo and hetro-poly aromatic rings

contained in these dye molecules [45].
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Figure I1.12: UV—visible absorption spectra for the MB decolorization using ZnS-TGA
nanocrystals under sunlight irradiation. Initial MB concentration: (a) 10, (b) 15, (¢) 20 and

(d)25 mg/L.

Table 11.2: Efficiencies for the degradation of MB using ZnS-TGA nanocrystals under

sunlight irradiation.

MB concentration (mg/L) Degradation efficiency (%)
10 91.10
15 84.12
20 73.95
25 72.22
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Figure II.13(a) and (b) report the calculation of the degradation rates for this dye. Overall,
99.04% and 91.10% degradation were observed for MO and MB molecules, respectively, due
to the photo-generated electron hole in ZnS-TGA. This difference can be explained by the fact
that ZnS-TGA NCs can easily destroy the N=N bonds under sunlight irradiation, which were
present in MO molecule and not in MB molecule [68]. Consequently, the photocatalytic
performance of these NCs was related to the charge separation, specific surface area and
crystallinity [69]. The dye degradation efficiency may be also due to its molecular structure and

charge state, which controlled the capacity of its attraction and adsorption on the NCs surface.
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Figure I1.13: (a) Photocatalytic curves and (b) rate constants for the degradation of MB

molecules.

The photocatalytic performance of ZnS-TGA NCs was tested for MO/ MB dye mixtures. This
study aimed to determine the capabilities of this nanocatalyst for the simultaneous degradation
of these dyes. Fig. 14 shows the time-dependent photocatalytic degradation of these two dyes
with different initial concentrations. Firstly, no other new peaks were observed in these spectra
thus indicating that no new compounds occurred during the experiments with dye mixtures.
This binary dye mixture generated two characteristic peaks at 465 and 665 nm that
corresponded to the molecules MO and MB, respectively. Starting the photocatalytic activity
by adding ZnS-TGA NCs under sunlight irradiation, a decrement in these two peaks was
observed with increments of the irradiation time (Zable I1.3). This finding demonstrated that
the codegradation of these dyes was performed using ZnS-TGA NCs. At concentration of 10
mg/L of both dyes, a total decolorization of the solution was observed with degradation
efficiencies of 99.43% for MB and 95.73% for MO. At low dye concentrations, the photons

easily reached the catalyst surface thus favoring the formation of OH" radicals. It was observed
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a decrement in the degradation efficiency when the concentration increased up to 20 mg/L
where similar results were observed for single dye solutions. However, the difference in terms
of degradation efficiencies was very noticeable. In particular, the MB degradation was almost
total (89.55%), while the MO degradation was very low (44.47%). Active sites of catalyst
surface could be covered with dye molecules at high dye concentration thus reducing the
generation of OH" radicals and, hence, affecting the photocatalytic activity. Moreover, the dye
molecules were in competition for the adsorption on the NCs surface especially at high
concentrations. In fact, the degradation efficiency of MB was higher than that of MO in the
binary MO/MB mixture. The lower degradation of MO (44.47%) in the MO/MB mixture in
comparison to MO solution (94.32%) can be associated with the competitive adsorption
between MO and MB molecules in the mixture [70]. As indicated, MB is a cationic dye with
C-S™=C functional group, while MO is an anionic dye with SO3™ group [38]. ZnS-TGA NCs
can adsorb more MB molecules than MO in neutral media thus reflecting the negatively charged
surface of this nanocatalyst [71]. Indeed, the increase of electrostatic attraction between
positively charged dye cations and negatively charged adsorption sites resulted in an increment
in MB dye degradation. Therefore, MB dye molecules were more likely to be degraded in the
photocatalytic process for the mixture MO/MB, which explained the selectivity for MB than
MO in the binary dye solution. 99.43-89.55% of MB was degraded after 180 min of sunlight
irradiation in the MO/MB mixture. However, the MB degradation was just 91.10-73.95% in
the single dye solution. This result indicated that MB was removed quickly in the presence of
MO compared to single MB degradation. This could be explained by the presence of MO
molecules in the solution, which could play the role of a second catalyst. Therefore, the
adsorption of MB was higher than that of MO thus causing the presence of a significant amount
of MO molecules not adsorbed in the solution [71]. These molecules could absorb sunlight

irradiation, allowing MO excitation, which acted as a photocatalyst for MB degradation [71].
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Figure I1.14: UV-Visible absorption spectra of the simultaneous degradation of MB and MO

molecules in binary solutions. Initial concentrations: (a) CMO=CMB=10 mg/L, (b)

CMO=CMB=20 mg/L.

Table 11.3: Efficiencies for the simultaneous degradation of MO and MB in binary mixtures

using ZnS-TGA nanocrystals under sunlight irradiation.

Initial concentrations

Degradation efficiency of

Degradation efficiency of

(mg/L) MO (%) MB (%)
Cmo=Cwis=10 95.73 99.43
Cmo=Cwis=20 44.47 89.55

The degradation rates of these dyes in the mixture were calculated and results are reported in

Figure I1.15(a) and (b). The highest degradation rate was obtained for both MB and MO with

a concentration of 10 mg/L for each dye. On the other hand, K (0.0258 min™') of MB increased

and K (0.0208 min™') of MO decreased in comparison to the results of single dye solutions. It

can be concluded that mixing two dyes accelerated the degradation of MB. Table I1.4 compares

the photocatalytic performance of ZnS-TGA NCs with other nanocatalysts reported in the

literature. In general, ZnS-TGA NCs can be considered as a low-cost material prepared with

non-toxic products that can operate under sunlight irradiation thus offering additional

advantages with respect to other catalysts [72—-83].
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Figure I1.15: (a) Plot of Ln (Ao/A) vs. irradiation time for MO and MB in MO/MB mixture;

Table 11.4: Comparison between literature results and our results.

(b) Columns of co-dyes with different concentrations.

Sr No Sample Dye Irradiation | Time | Degradation ef- Ref. no.
source (min) ficiency (%)
1 Cr-doped ZnS MO UV light 300 65.22 [72]
2 g-poly /ZnS MO Sunlight 240 69.00 [73]
3 ZnS MB | Visible light | 120 78.00 [74]
4 ZnS MO Sunlight | 120 69.18 [75]
5 ZnS MO Sunlight 180 99.04 This work
6 ZnS MO Sunlight | 150 77.00 [76]
7 Chitosan-ZnS MB UV light 120 87.00 [12]
8 ZnS/RGO MB Visible light | 240 89.43 [77]
9 ZnS MB Sunlight | 180 49.00 [78]
10 ZnS MB Sunlight | 180 72.13 [41]
11 TiO02/Zn0O MB Visible light | 120 73.20 [79]
12 ZnS MB Sunlight 180 91.10 This work
13 Pristine ZnS MO/MB Sunlight 280 39.63 [80]
14 4% Cr/ZnS MO/MB Sunlight 240 75.11 [80]
15 ZnS MO/MB Sunlight 180 95.73/99.43 This work
16 Ag@Agl/ZnS | MO/MB | Sunlight 80 41.37/95.29 [81]
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17 ZnONR MO/MB | UV light 90 61.00/41.00 [82]

18 ZNnONR-RGO | MO/MB | UVlight | 90 83.00/94.00 [82]

19 CuO/NX MO/MB | UV light 120 60.00/27.00 [83]

111.3 Mechanism of the photocatalytic process of MB/MO dye mixture

Figure II.16 describes the proposal of photocatalytic activity mechanism for the degradation
of these dyes using ZnS-TGA NCs. After the addition of ZnS-TGA nanocatalysts to the dye
solution, the dye molecules will be adsorbed on the NCs surface where the adsorption of MB
molecules will be greater than that of MO molecules. Under sunlight irradiation, there will be
a creation of (e-h) pairs and the electrons e— will transfer from valence band (VB) to the
conduction band (CB) and the holes will be located in VB. These charge carriers will migrate
to the nanocatalysts surface and the photo-induced electrons will be easily trapped by electronic
acceptors, such as adsorbed O, to produce a super oxide anion radical (O, ). The positive hole
in the NCs will react with a water molecule to produce hydrogen gas and the free hydroxyl
radical (OH"), which is the most important and powerful oxidizing radical for the mineralization
of adsorbed or free MO/MB molecules on the catalyst surface. Also, free MO molecules will
absorb the solar irradiation that allows their excitation, which also acts as a catalyst for the
degradation of MB molecules. The active species, MO", OH" and O™ radicals, can effectively
degrade dye molecules to form intermediates and the final products (CO2 and H»O). The

possible photocatalytic reactions can be summarized as follows:

ZnS-TGA + hv — esc + hev* (7)

e+ 0— 02" (8)

H20 + h*—OH" + H* 9

h*+ OH — OH" (10)

MO + hv— MO (11)

MO" +MB —Degradation products + COz + H20 (12)
02" + MO/MB — Degradation products + CO2 + H20 (13)
OH"+MO/MB — Degradation products + CO2 + H,0 (14)

Based on recent studies [11,76], the high photocatalytic performance of ZnS-TGA NCs can be
explained by the formation of NCs enriched with sulfur vacancies (VS) and zinc interstitials
(IZn) caused by stacking faults in core of the NCs. Some structural defects (e.g., dislocation
density, microstrain and stacking faults) affected the particle size and the surface area, which

enhanced the photocatalytic efficiency. These defects may cause the reduction of probability
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V.

for the recombination of chargers that diffused to the NCs surface where their interaction with

water molecules and atmospheric oxygen would produce highly reactive species responsible

for the degradation of adsorbed organic molecules.
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Figure I1.16: Proposed dye co-degradation mechanism using ZnS-TGA nanocrystals.

Conclusion

Herein, we report a simple colloidal chemical route for the synthesis of ZnS-TGA nanocrystals

using thioglycolic acid as a stabilizing agent. This synthesis route offered a high purity, low

cost, simple implementation and low energy consumption where these nanocrystals can be used

to obtain an effective material for dye removal from wastewaters. This study showed for the

first time that the efficiency of ZnS-TGA nanocrystals was up to 99.43% to degrade MB and

MO dye molecules under sunlight irradiation in a very short time of 27 min. Results of this

study indicated that these nanocrystals are suitable for the treatment of wastewaters at industrial

scale.
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A Novel Green Synthesis of Zinc Sulfide

Nano-Adsorbents Using Artemisia Herba
Alba Plant Extract for Adsorption and
Photocatalysis of Methylene Blue Dye
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Résumé

Nous rapportons une voie facile et verte pour une nouvelle synthése de nanoparticules de sulfure
de zinc (ZnS), pour la premicre fois, en utilisant I’extrait de plante d’Artemisia Herba Alba
(AHA) pour une adsorption/photodégradation efficace du colorant bleu de méthyléne (MB).
Les résultats du FTIR ont confirmé la fonctionnalisation de la surface des nano-adsorbants par
les molécules d’AHA. L’analyse XRD a indiqué la formation de nanocristaux avec une phase
cubique presque pure. La taille moyenne des nanocristaux de ZnS stabilisés d’AHA calculée en
utilisant la formule de Debye-Scherrer et observée par HR-TEM était de 4 nm. Les spectres
d’absorption optique représentent I’apparition d’un bord d’absorption décalé vers des longueurs
d’onde courtes par rapport a celui du semi-conducteur a 1’état massif ZnS. La spectroscopie PL
a indiqué qu’aucune intensité d’émission significative n’a été observée, ce qui a clairement
révélé que les ligands AHA pouvaient jouer le méme role que les ligands organiques pour une
utilisation dans des applications de luminescence. Ces nanoparticules ont été utilisées pour
I’¢limination de MB sous source d’irradiation solaire a partir d’une solution colloidale aqueuse
pour étudier la synergie adsorption-photocatalyse. Les résultats ont démontré une adsorption
exothermique spontanée avec une capacité d’adsorption allant jusqu’a 29,92 mg/g. Des
isothermes d’adsorption et des calculs de physique statistique ont été utilisés pour analyser les
parameétres stériques et énergétiques associés a l’adsorption MB a la surface des nano-
adsorbants. Les nanoparticules vertes de ZnS ont montré une activit¢ photocatalytique
remarquable en utilisant la lumicre solaire pour la degradation du MB avec un taux de
conversion de 89,18 % dans la premicre heure. Les nanoparticules de ZnS-AHA ont prouvé une
adsorption élevée et une capacité photocatalytique élevée, ce qui indique que les nouveaux
extraits de plantes sont un agent de capsulage prometteur pour des applications écologiques et

environnementales potentielles.
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A Novel Green Synthesis of Zinc Sulfide Nano-Adsorbents Using
Artemisia Herba Alba Plant Extract for Adsorption and
Photocatalysis of Methylene Blue Dye

Abstract

We report a facile and green route for a new synthesis of sulfide nanoparticles (ZnS NPs) using
Artemisia Herba Alba (AHA) plant extract for efficient adsorption/photodegradation of
methylene blue dye (MB). Results exhibited a blue shift in the absorbance band and higher
energy band gap values than bulk ZnS materials, which was due to the quantum confinement
effects. X-ray diffraction confirmed the formation of the cubic phase of ZnS-AHA nanocrystals
with a calculated average size of 4 nm. Green synthesized ZnS NPs show enhanced adsorption
efficiency toward MB from contaminated water. ZnS-AHA NPs showed a specific surface area
of 36.82 cm2 g ! and an adsorption capacity of 31.17 mg g ' for MB. The Langmuir—
Freundlich model modeled adsorption data. The photocatalytic degradation performance of the
green nanoparticles under sunlight irradiation showed a remarkable dye degradation rate of
94.09% in 180 min. In summary, this eco-friendly NPs is a highly promising material to be used
in wastewater treatment for the removal of organic compounds.

Keywords: Green synthesis; Artemisia Herba Alba; Nanoparticles; Adsorption; Statistical
physics modeling; Photocatalysis; Methylene blue

l. Introduction

Finding a way to treat wastewater that is safe for living things, cheap, and effective remains a
challenge for humanity. Due to the widespread industrialization of the world, the situation is
much worse than it used to be. This has caused many serious problems for our environment,
such as the pollution of water by dumping pollutants like organic dyes into rivers, lakes,
streams, and ponds without first cleaning them [1]. These toxic chemicals are difficult to
biodegrade, and they remain in soil and water for years, which causes serious health dangers to
living organisms and also reduces soil fertility as the photosynthetic activity of aquatic plants
results in the development of anoxic conditions for aquatic flora [2,3]. To protect the
environment, it is important to limit these toxic wastes as much as possible by coming up with
an effective way to treat wastewater before it is released. In recent decades, numerous chemical,
physical and biological methods were proposed for wastewater treatment, including membrane-

based processes, ultrafiltration, and reverse osmosis [4]. Nevertheless, dyes reveal high
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solubility in water, which makes them difficult to eliminate by such traditional procedures [5,
6]. Among the current techniques, the so-called advanced oxidation processes (AOP) have
emerged as one of the most powerful means for dye degradation. Some AOPs methods such as
ozonation have reached a level of development at an industrial scale, while others are in full
development in the research field [7]. These processes allow the elimination of organic
pollutants at atmospheric pressure and ambient temperature using extremely oxidizing and
reactive radical species able Heterogeneous solar photocatalysis is one of the most studied,
environmentally compatible, and efficient processes for degrading many non-biodegradable
pollutants using solar resources [8]. A photocatalyst is used in this process to start a chemical
reaction when it is exposed to sunlight. In this process, the photocatalyst is typically a
semiconductor material, which absorbs light and generates electron—hole pairs that can react
with water and other organic molecules. Among the different semiconductors, zinc sulfide
(ZnS) has been the focus of much attention in view of its low cost, abundance, good stability,
non-toxicity, and high optical absorption in the visible and ultraviolet ranges [9]. Indeed, ZnS
nanoparticles (NPs) are synthesized through various methods, including chemical precipitation,
solvothermal synthesis, and hydrothermal synthesis [10]. These methods allow for precise
control over the size, shape, and properties of the nanoparticles. ZnS NPs have potential
applications in various fields, including as a material for optoelectronic devices, such as solar
cells and light-emitting diodes (LEDs), and as a photocatalyst for water splitting and pollutant
degradation [11]. They have also been studied for their potential in biomedical applications,
such as imaging and drug delivery. Traditional ways of making NPs, on the other hand, often
involve using toxic chemicals and solvents, which can be bad for the environment. Therefore,
there is a growing interest in developing environmentally friendly methods for the biosynthesis
of NPs. One such approach is the use of biological agents, such as microorganisms, plants, and
enzymes, for the synthesis of NPs. These agents can reduce metal ions and generate NPs
through a process known as bio-reduction. For example, nanoparticles can be synthesized using
biological substances such as plants, algae [12], bacteria [13], fungi, and viruses [14], which is
defined as a novel, simple, fast, economic and ecological alternative. Currently, there is an
increasing interest in the green chemistry method for synthesizing zinc sulfide [15, 16]. Rajabi
et al. used the leaf extract of F. Johannis, and they obtained spherical and semi-spherical
nanoparticles of ZnS [17]. On the other side, Kannan et al. reported on the synthesis of ZnS
nanoparticles with a spherical form and an average size between 5 and 20 nm using Acalypha
indica and Tridax procumbens [18]. Plant extracts have several benefits, such as safe handling

and non-toxicity. Also, they can act as both reducing and stabilizing agents for nanoparticles,

83



allowing the simple fabrication of large amounts of nanoparticles [19]. To our knowledge, the
use of an aqueous extract of Artemisia Herba Alba (AHA) for the green synthesis of ZnS
nanoparticles has not been reported. In this context, Artemisia Herba Alba is a species of
aromatic plant that belongs to the family Asteraceae. It is commonly known as desert
wormwood, or also known in Tunisia as 'Chih', and is native to degrade a wide variety of
molecules, and they may eventually lead to the complete mineralization of the pollutants. to
North Africa and the Middle East [20]. This plant has a woody stem and grows up to 60 cm tall.
The leaves are silver-gray in color, hairy, and divided into small lobes. The plant produces small,
yellow flowers in the summer. The AHA plant has been used in traditional medicine for a variety
of purposes, including the treatment of digestive disorders, respiratory problems, and skin
conditions. It is also used as a natural insect repellent [20]. Recent studies have shown that the
plant contains compounds with potential therapeutic properties, including antioxidant, anti-
inflammatory, and antimicrobial effects. However, more research is needed to fully understand
the plant's potential benefits [21]. This desert wormwood has more than 160 individual
components, including many essential oils, terpenoids, flavonoids, luteolin and flavones [22].
These phyto-bioactive constituents, which are present in the aqueous extract of AHA, play an
essential role in capping and stabilizing the biosynthesized nanoparticles. In the present study,
the authors attention is focused on preparing a new green synthesis of ZnS colloidal
nanoparticles using Artemisia Herba Aba (ZnS-AHA) plant extract by chemical route and
subjecting them to several experimental techniques to explore their applications in the
adsorption/ photodegradation of a cationic thiazine dye, methylene blue (MB). MB is a cationic
dye commonly used in industries such as textiles, paper, and printing [23]. The adsorption of
MB on green-capped ZnS NPs was studied at different operating conditions. The effect of
temperature on the adsorption process was analyzed. MB degradation with ZnS-AHA

nanocatalysts was assessed at operating conditions under sunlight irradiation.

Il.  Experimental
Details regarding experimental and Artemisia Herba Alba extraction should be found in the

supplementary information (Figure I11.51).

I1l.  Results and Discussion
1.1 ZnS-AHA Nanoparticules Characterization

The compositions of biologically active compounds in 4. annua extract utilized for ZnS-AHA

NPs preparation were determined by FTIR analysis. The FTIR spectrum is presented in Figure
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II1.S2. The FTIR analysis exhibited a major vibrational band at 540 cm™!, which is associated
with the Zn-S stretching vibrations [24, 25]. The absorption peak was observed at 3319 cm!
which is due to the alcohol/ phenol group (—OH) stretching vibration [26]. The peak at 2978
cm™! is probably ascribed to C-H alkane stretching, while the band at 2893 cm™' could be
assigned to the C-H stretching of branched alkenes, particularly from AHA extract [27, 28]. The
peaks of FT-IR analysis were evidence that the ZnS-AHA NPs were alleviated with the major
phytoconstituents of Artemisia Herba Alba extract utilized for ZnS NPs fabrication.

The crystal structures of the as-synthesized ZnS nanoparticles prepared using AHA were
determined by X-ray diffraction analysis; see Figure II1.83. XRD confirmed the formation of
the cubic phase of ZnS-AHA nanocrystals with a calculated average size of 4 nm. The sharp
and narrow peaks implied that the ZnS-AHA NPs were highly crystallized [29]. The smaller
size of the ZnS crystallites encapsulated by AHA extract is most likely due to the strong
interaction of AHA molecules with ZnS nanocrystals [30].

The size distribution and morphology of the synthesized ZnS-AHA NPs were imaged using
HR-TEM. The ZnS-AHA NPs microscopic analysis with TEM was presented in Figure
I11.54a. In general, the TEM images have revealed the sphere's spherical shape, with diameters
in the range of 4 nm. These results are in good agreement with the XRD results. The d-spacing
determined from the digital micrograph for ZnS is 0.30 nm, which is close to the spacing of the
(111) diffraction plane of the cubic phase [8]. NPs elemental composition was determined by
EDX (Figure I11.S4b). Zn and S are the major elemental components. The presence of C is
related to the TEM grid, and other peaks, Si and P, are probably due to residues coming from
the synthesis and the grid.

Figure I11.85 shows the optical absorption spectra of the ZnS NPs that were spread out in water.
A broad, strong absorption band located at 325 nm confirms the single-dispersed nature of ZnS-
AHA NPs distribution [31]. The estimated band gap energy for the green ZnS using the Tauc
relation [32] is 3.70 eV, which indicates that the gap energy of ZnS-AHA NPs shifts towards
the blue compared to that of bulk ZnS (Eg = 3.6 eV).

The photoluminescence spectra of the synthetized nanoparticles dispersed in water were
recorded in (Figure II1.S6). An intense and wide band centered at 450 nm dominates the
spectrum, which was attributed to recombination between electrons and holes at the edges of
the conduction and valence bands, respectively [33, 34]. The FWHM of the main emission band
is equal to 62 nm, which is related to the size dispersion of the ZnS-AHA NPs. In the extra

information, you can find more information about how our samples are described.
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I11.2 Adsorption Study of MB on AHA Capped ZnS Nanoparticles

In general, studies show that the amount of dye that can be removed increases significantly as
the adsorbent’s efficiency goes up [35]. The effect of the mass of the AHA-capped ZnS NPs on
the MB adsorption is revealed in Figure II1.1. The amount of the nano-adsorbents is varied
from 0.1 to 2 g, the concentration of dye being 10 mg/I at pH = 7, the temperature being 298 K,
and the contact time being 120 min. This figure exhibits that the removal of dye increases as
the amount of the adsorbent increases. This is easily understandable, as the increase in adsorbent
mass increases the available surface area and therefore the number of adsorption sites available
[36] and consequently increases the amount of dye adsorbed. The dye removal reached
approximately 95.91% using 1 g of green AHA-capped NPs, which is related to a large number
of adsorption sites. On further addition of adsorbents, a decrease in the adsorption efficiency of
nano-adsorbents was observed. This is explained by the fact that the accessibility of adsorbent
active sites with higher energy decreases, and only the active sites with lower energy are
available to be occupied [37]. Therefore, the optimum amount for dye removal was chosen to

be 1 g of ZnS-AHA NPs.

(@) (b)

100 - 100
/./l\ 100 ZnS-AHA
80 " I 80
80
> | S <
5 o ey £
€ S o 60
~ o >
g -
& 40 Fao 2 82,82
8 hd & 20 95,91
20 - r
-\ 20 20
Ll
_
0 T T T T 0 0- T T T
0,0 05 1,0 15 2,0 0,1 0,5 1 2

Concentration (g/l) Concentration (g/l)

Figure II1.1: (a) Effect of ZnS-AHA mass on the MB adsorption and (b) Efficiency of MB

adsorption.

The pH of the solutions is also an important factor that influences the capacity of the adsorbent
by influencing the surface charge of the nanoparticles [24]. The effect of the solution pH on the
dye adsorption was studied from 5 to 9, when keeping the dye concentration equal to 10 mg/1,
the adsorbent quantity equal to 1 g and the temperature at 300 K. As shown in Figure I11.2, the

percentage of dye removal increased gradually from 70.55 to 95.91% when pH varies from 3
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to 7; this is due to the electrostatic interactions between the positively charged dye molecules
and the negatively charged adsorbents [24]. On the other hand, a decreasing trend in the dye
removal efficiency was observed with a further increase in pH to 9. The pH value equal to 7

was fixed as the optimum pH for MB dye experiments.

—ZnS-AHA

10

Qads (mg/g)

pH
Figure I11.2: Effect of pH on the adsorption of MB by AHA-capped ZnS NPs.

Over time, adsorption was studied to find out how much dye was taken up at different times.
Equilibration time is also an important economic factor for the water treatment of polluted
systems [38]. The results of the kinetic adsorption study of MB on green capped ZnS NPs are
presented in Figure II1.3. The dye adsorption process on the AHA capped ZnS nanoparticles
was fast for the first 5 min, then continued at a slower rate for 10-30 min, reaching equilibrium
after approximately 45 min of the experiment. The experimental kinetics showed that using an
AHA ligand increased the MB adsorption capacity. This can be explained by the small size of
the robust adsorbents, which have a large surface-to-volume ratio and provide more sites on the
surface. Hence, we could deduce that the new green synthesis has a progressive impact on the
adsorption process with the improvement of the adsorption efficiency in addition to the eco-
friendly criteria. The effect of the initial dye concentration depends on the immediate relation
between the dye concentration and the available nano-adsorbent surface sites, as shown in
Figure I11.4. The ability of the adsorbent goes up as the initial dye concentration goes up. This
may be because the driving force for mass transfer is high when the initial dye concentration is
high [39]. Experimental data exhibit an outstanding MB adsorption capacity on AHA-capped
ZnS NPs, which varied from 9.54 to 29.92 mg/g when the dye concentration is raised from 10
to 50 mg/L, and it was assumed that Artemisia Herba Alba plant extract enhanced the adsorption

process. However, another parameter is the temperature, which influences the adsorption
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capacity of the adsorbent. A decrease in the adsorption process has been noted, and the results
are given in Figure IIL.5. A decline of adsorption capacity with an increase in temperature
demonstrates that adsorption is an exothermic process. This may be attributed to the decline in
the adsorptive forces between the dye species and the active sites on the adsorbent surface with

a rise in temperature [40].
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Figure I11.3: Kinetic adsorption study of MB on green capped ZnS NPs.
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Figure I11.5: Effect of Temperature on the adsorption of MB onto AHA-capped ZnS NPs.

111.2.1 Adsorption Kinetics

The kinetics studies on MB adsorption were conducted at 298 K. The pseudo-first-order (PFO)
and the pseudo-second-order (PSO) models were applied to evaluate the MB adsorption kinetic
data. The PFO kinetic model has been widely employed to predict the dye adsorption kinetics,

which is given by the next formula [41]:

q () = qe (I-exp(-Kit) (1)

Where q(t) and qe represent the amount of dye adsorbed (mg/g) at any time t and equilibrium,

respectively, K; is the corresponding PFO adsorption rate constant (min ).

On the other side, the PSO kinetic model predicts that the rate-limiting step is chemisorption
and this model is valid over the whole range of adsorption. The PSO kinetic rate equation is
defined as follows [41] :

g(t) = 2kt 2)

14q Kyt

Where K> (mg/g min) is the corresponding PSO rate adsorption constant. The best model for
the adsorption kinetics study was chosen according to the R? value. The PFO model was the
best alternative to describe the MB dye adsorption on ZnS-AHA NAs with R?= (0.98-0.99) for
all concentrations. The obtained results of adsorption kinetic modeling are reported in Figure

II1.6 and Table I11.1. Adsorption rates (K;) declined when the dye concentration raised because
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of the competition of dye molecules with the available adsorption active sites [42]. Figure III.
6 indicates that two different stages can be found in the kinetic profile. The first section of the
curve corresponds to the diffusion of molecules on the NAs surface, which is generally the
longest stage. The second stage corresponds to the adsorption equilibrium where the interaction

between adsorbate and adsorbent surface takes place.

The adsorption capacity varied from 9.58 to 28.94 mg g~ !, when the dye concentration is in-
creased from 10 to 50 mg/L, respectively. These values are close to the experimentally deter-
mined values from the adsorption isotherms. These high adsorption capacities are favored by
the small particle size of ZnS-AHA NPs. The specific surface area of ZnS-AHA was found
36.82 cm? g'!; this high specific surface area is a key factor to reach these adsorption capacities,
which also contributes to a fast mass transfer gradient for the MB diffusion to the NPs surface

[24].

30 . &

254

20

15+

10 A

Qaas (MQ/g)

m 10mg/l
® 15mg/l
A 20mg/l
v 25mg/l

30 mg/l

35 mg/l

» 40mg/l

® 45mg/l

* 50mg/l

—— Pseudo-first order fit|
T T

0 20 40 60 80 100 120

t (min)

Figure I11.6: Modeling of MB adsorption kinetic using the pseudo-first order.

Table I11.1: Pseudo-first order kinetic parameters for the MB adsorption on ZnS-AHA NAs.

Model Pseudo-first order

C(mg/l) 10 15 20 25 30 35 40 45 50

K1 (min") 0.09  0.05 0.08  0.05 0.04 0.05 0.05 0.06 0.07
qe (mg/g) 9.58 13.81 17.47 2277 2597 2740  28.01 28.69 28.94

111.2.2 Dye adsorption isotherms

Adsorption isotherms are highly useful for understanding the mechanism of adsorption [43]. In
general, adsorption isotherms provide information on the improvement of the adsorbents, a de-

scription of the affinity and the binding energy between adsorbate and adsorbent (whether or
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not there are lateral interactions between molecules), and the adsorption capacity [44]. The

isotherm also gives information on mode adsorption (monolayer or multilayer adsorption).

In this study, the effect of the initial concentration of MB on the amount adsorbed (mg/g) by
ZnS-AHA NPs was studied in a range of initial concentrations (10-50 mg/L) for MB. The ad-
sorption isotherms assessed at room temperature of 298 K are shown in Figure I11.7. According
to Giles [45], The ZnS-AHA NPs adsorption isotherms show an L-form, indicating a relatively
high affinity between adsorbate and adsorbent. The maximum equilibrium adsorption capacity

value is 29.92 mg/g.

The equilibrium data of MB onto ZnS NPs was examinated using the most common Langmuir,
Freundlich and Langmuir-Freundlich models to find out the suitable model that may be applied
for the design and optimization of adsorption processes (see Figure I11.7 and Table I11.2). The
best applicable model of those is chosen from the coefficient R? value (0 < R* < 1). The Lang-
muir isotherm states that adsorption takes place with the monolayer formation of adsorbate
molecules on a homogeneous adsorbent surface with uniform adsorption energies [46]. This
model is very useful for monomolecular adsorption of a solute by forming a single layer on the
surface of an adsorbent; this model is used when the following conditions are completed: The
adsorbed species is fixed on a single well-defined site, and each site can fix a single adsorbed
species, the adsorption energy of all sites is identical and independent of other species already

adsorbed at neighboring sites. The following equation represents this model [24]:

de = Qmax 1:’1]}(]‘:28 (3)
where Qe is the equilibrium adsorption capacity (mg/mg), Ce (mg/L) is the dye concentration in
solution at adsorption equilibrium, ¢,,., (Mg/g) is the maximum adsorption capacity of tested

nano-adsorbents and K, (L/mg) is the Langmuir constant. On the other side, the Freundlich

model implies an heterogeneous adsorption surface having sites with different adsorption ener-
gies. It is mostly applied to the heterogeneous solid catalyst and is a mathematical relation used
to describe multilayer adsorption. It is described as [24]:

4. = k"™ 4)
where Kr(mg/g) is the Freundlich adsorption constant and nr is the degree of nonlinearity be-
tween solution concentration and adsorption where, 1/nr €(0.1, 1) demonstrates favorable ad-
sorption. In the end, the Langmuir -Freundlich (L-F) isotherm model is an equation based on
the isotherms of Langmuir and Freundlich at the same time. It describes heterogeneous surfaces

as well. The equation can be written as:
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_ Amax(KLpCe)"LF
Qe = "1 (kpeCoy™iF )

where ¢,,4,(mg/g) is the maximum adsorption, the capacity of tested nano-adsorbents, K is
the adsorption affinity constant and nrr is the heterogeneity index.

From the isothermal modeling results given in Table I11.2,

We find that Langmuir -Freundlich model describes better our experimental results, with qmax=
31.85 mg/g and R?>= 0.98. The Langmuir model shows that the surfaces of our samples are
energy homogeneous and monomolecular adsorption of MB on our green NPs. On the other
hand, Freundlich model nr values are greater than 1 (nr > 2.16) showing that adsorption is
favorable and physical [42]. The maximum adsorption capacity calculated with the Langmuir-
Freundlich model was 31.15 mg/g, which agreed with the experimental data of 29.92 mg/g and
proves that the new robust green nano-adsorbents are good candidates for wastewater treat-

ments.
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Figure I11.7: The adsorption isotherms of MB dye using AHA-capped ZnS NPs.

Table I11.2: Parameters of the isotherm models for the MB adsorption on ZnS-AHA NPs.

Langmuir isotherm (R? = 0.97)
gmax (Mg/qg) KL
31.8 0.80
Freundlich isotherm (R? = 0.86)
Kr(mg/g) Nr
15.52 2.41
Langmuir-Freundlich (R? = 0.98)
Qmax (MQ/Q) KL-F m
31.15 0.84 1.10
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111.2.3 Statistical physics modeling

A statistical physics model was applied for MB supplement adsorption analysis via the calcu-
lation of the following physicochemical parameters: the number of the adsorbed dye molecules
per adsorption site (n), the density of adsorption sites (Du) and the corresponding adsorption
energies. A monolayer advanced model was used to clarify the adsorption isotherms of MB on
the tested ZnS-AHA NPs. This model considered that MB dye molecule formed a monolayer
on NPs surface. The formation of the layer of the adsorbed MB molecules resulted from the
interactions between MB and NAs surface. This advanced model demonstrates that the main
adsorption site in the green ZnS-AHA NPs could link a variable number of MB dye molecules

(equal, inferior or superior to 1). This monolayer model is reported by equation 6 [24]:

e ()

qe - 1 n
2
1+ Co

where Ci, 1s the concentration at half-saturation of MB on the ZnS-AHA NPs surface. Note

that the calculation of adsorption energy via this model was performed with equation 6 [24]:

AE® = RT.In( < ()
1/2
where Csis the MB dye molecule solubility (i.e., 40 g/L), R is the universal ideal gas constant

(8.314 x10° kJ K1 mol?t) and T (K) is the absolute value of adsorption temperature. The
estimated values for model parameters are summarized in Table 111.3, while the model fitting
is given in Figure 111.8. It is noted that the parameter n can be applied to describe the number
of dye-adsorbed molecules per adsorption site and provides also details about the geometric
adsorption position. Geometrically, the position of an adsorbate can be described according to

the number of molecules per adsorption site of the tested material.

Table I11.3 shows that n = (1.08-2.25) indicates that MB dye molecules could be linked or
adsorbed via a non-parallel orientation or inclined, with a multimolecular adsorption process
[8]. MB molecules can interact with the adsorbent surface thus forming an aggregation process
where the formation of MB dimmers in the solution and a multimolecular adsorption process
(n > 1) could be expected on the prepared nano-adsorbents. This multimolecular adsorption
phenomenon usually occurs for dye molecules. The density of adsorption sites Dy decreased
with temperature 28.73 to 11.45 mg g’'. Indeed, if the number of adsorbed MB dye molecules
per adsorption site increased, the space in the ZnS-AHA nanoparticles surface reduced and,
consequently, the number of adsorption sites available for dye removal became limited [24].

Note that a high Dy value implies a high performance of the adsorbent because more adsorption
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sites are available for the adsorption of the target pollutant [8]. The adsorption capacities at
saturation (Qsar) decreased as a function of the aqueous solution temperature from 31.17 mg g

at 298 K to 25.49 mg g ! at 318 K, thus indicating exothermic adsorption.

The last parameter to be analyzed is the adsorption energy. This adsorption energy is expressed
as a function of the concentration at half-saturation and the solubility of MB dye in water (Cs).
All the adsorption energies that characterize the interactions between MB molecules and ZnS-
AHA nano-adsorbent surface were estimated by modeling the experimental data through the
Hill model, and they are summarized in Table II11.3. 1t is observed that the adsorption energies
ranged from 25.82 to 21.58 kJ mol ™!, suggesting the presence of physical interactions between
MB dye molecules and the ZnS-AHA nano-adsorbents surface. It could be expected that weak
electrostatic forces and hydrogen-bond interactions were involved in the adsorption of MB mol-
ecules on the functional groups of the green ZnS-AHA nanoparticles. When comparing the ca-
pacity of adsorption of ZnS-AHA to that of other previously published ZnS nanoparticles (Table
111.4), ZnS AHA present the higher capacity of adsorption, compared to naked ZnS NPs [47],
to ZnS encapsulated with broccoli extract [48] and ZnS encapsulated with mercaptopropionic

acid [24].
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Figure I11.8: Adsorption isotherm for statistical physics modeling of MB on ZnS-AHA

Table I11.3: Parameters of the Hill model for the MB adsorption.
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T (K) n Dwm (mg/g) Ciz (mg/L) | Qsat (Mg/l) AE£ (kJ/mol)
298 1.08 28.73 1.19 31.17 25.82
308 1.75 15.94 3.25 27.85 23.33
318 2.25 11.45 6.58 25.49 21.58

Table I11.4: Comparison of the adsorption capacity of various adsorbents with ZnS-AHA NPs
towards MB dye.

Sr. No Sample Dye Time (min) | qmax (Mg/g) Ref. No
1 ZnS-MPA MB 120 25.18 [24]

2 ZnS MB 120 15.65 [47]

3 ZnS-Broccoli MB 60 9.00 [48]

9 ZnS-AHA MB 120 31.85 Our work

I11.3 Photocatalytic degradation of MB dye using ZnS-AHA NPs
111.3.1 Degradation pathways

Photocatalytic degradation of MB dye using sunlight irradiation is a process that involves the
use of ZnS nanocatalysts to initiate a chemical reaction in the presence of sunlight, which
ultimately leads to the degradation of the dye molecule. Sunlight irradiation plays a crucial role
in this process by providing the energy required for the photocatalytic reaction to occur. The
energy from the sunlight excites the electrons in the photocatalyst material, which in turn react
with the dye molecules to break them down. Preliminary experiments were carried out with MB
solution in the absence of the ZnS nano-catalysts reveal that less than 10 % of dye were
decomposed after 180 min of sunlight irradiation due to the OH” radicals coming from water
or due to self-sensitization light of dye molecules, proving that MB molecules presents a good
photostability. Figure 111.9 shows a series of UV-Vis absorption spectra for the methylene blue
dye suspension in the presence of the AHA-capped ZnS NPs irradiated for 0, 10, 20, 30, 45, 60,
120 and 180 min. With increasing of the sunlight irradiation time, it was observed that a
significant reduction in the absorption of the MB dye solution at the maximum peak at 664 nm
due to the break of the azo groups (C-S*=C) bond responsible for the blue color which indicates

the decomposition of the MB chromophoric structure [10].
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Figure I11.9: Absorption spectral changes for the MB aqueous solution in the presence AHA
capped ZnS NAs.

As a result, MB dye concentration decreased in the presence of the green ZnS-AHA NPs under
sunlight irradiation until a full decolorization of the initial solution revealing that MB molecules
were completely degraded. The degradation efficiency of AHA-capped ZnS NPs is given in
Table 111.5. These results show a high degradation of MB dye using our synthesized NPs after
180 min of irradiation. We have recorded a rapid degradation of MB using the new plant extract-
capped ZnS NPs leading to very effective decomposition in the first hour (89.18%). As a result,
the new green nano-adsorbents demonstrated a fast and powerful degradation (94.09%) and
which makes them a promising robust nanocatalysts for the dyes degradation. This high
photodegradation activity can be explained by the reduction in electron-hole recombination [8].
In order to deduce kinetics from the degradation process, we calculated the effect of the
irradiation time on the degradation using the normalized changes in the MB concentration
(C/Co) and degradation efficiency (1- C/Co) for the nano-adsorbents represented in (Figure
111.10). The intersection of these two curves indicated the half-life of the dye, which is the time
reached to attend the MB half-concentration. The degradation performance is dependent on the
high surface area of the crystal and morphology, which might enhance the number of photo-
generated electron-hole pairs. Here, we suppose that Artemisia Herba Alba extract may
influence the ZnS crystal growth with a high surface-to-volume ratio due to the small size of
nanocrystals (4 nm) and subsequently high specific surface (36.82 cm? g) which highly
generate electron-hole pair at the conduction and valence band states under sunlight irradiation
[30].In addition, another explanation is the ligand functional groups which is involved in the

adsorption and the photocatalytic processes because Artemisia Herba Alba extract is plenty of
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phenol, proteins and flavonoids groups which include reactive hydroxyl radicals. These highly
reactive hydroxyls and superoxide radicals formed by interaction with the charge carrier to the
surface of the nanoparticles can react with MB dye adsorbed on ZnS leading to its degradation
[49]. As a result, the probability of adsorption of MB molecules on the surface of ZnS NAs will
be increased with the use of AHA. In order to calculate the rate constant (k) and half time for
MB degradation, we have used Eg.4 and Figure I11.10; the summarized parameters are

presented in Table I11.5.

—m—C/CO
. —m—1- C/CO
[ ]
l—_—l/
—n—"
| ]
o
S \ S
B ] \ T
\[\7 —
\
—
[ ]
\l —
half-time "
n

0 20 40 60

T
80 100 120 140 160 180 200

t (min)

Figure I11.10: C/Co curve and degradation efficiency (1-C/Co) for AHA capped ZnS NPs.

Table I11.5: degradation efficiency of MB by ZnS-AHA NPs under sunlight irradiation.

t (min) Omin | 10 min | 20 min | 30 min | 45 min | 60 min | 120 min | 180 min
% Degradation
of MB 0 69.27 | 79.81 | 79.90 | 82.27 |89.18 | 89.63 94.09

The calculated rate constant (k) AHA-capped ZnS NPs were 0 0.012 min™'. It is clear that the
use of green ZnS-AHA nanocatalysts increases the photodegradation of the MB dye under sun-
light which is confirmed by the small half-time value (7.41min). Finally, AHA-capped ZnS
nanocatalysts showed a high photocatalytic performance due to the formation of NPs enriched
with sulfur vacancies (Vs) and zinc interstitials (Izn) caused by stacking faults [24]. Therefore,
as the plant extract-capped ZnS NPs present high defaults (dislocations, strain and stacking
fault), this could facilitate the transfer of the photogenerated carriers by trapping the excited
electrons and restraining the electron-hole recombination which increases the photocatalytic

activity of these nano-adsorbents. This indicates that the ZnS capped with Artemisia Herba
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Alba groups can be considered as a promising photocatalyst that can operate under sunlight for
the environmental removal of organic pollutants. Moreover, the green molecules of the plant
extract are eco-friendly that making AHA-capped ZnS a good candidate for further applications
(antibacterial activity and gas sensor). Some values of maximum quantities found in the pho-
todegradation of MB on some other ZnS nanoparticles are presented in Table II1.7. ZnS-AHA
presents the higher degradation efficiency, nevertheless, its degradation rate constant is lower
than that of ZnS NPs coated with Acalypha indica extract [18] and that of ZnS NPs with cubic
phase [53].

Table I11.6: Calculated parameters of photodegradation of MB in aqueous solution using ZnS-
AHA NPs under sunlight irradiation.

Nanocatalyst Degradation rate Half-time t12 Degradation effi-
constant K (min) (min) ciency 7 (%)
ZnS-AHA 0.012 7.41 94.09

Table I11.7: Comparison of the photocatalytic efficiency of various adsorbents with ZnS-AHA
NPs towards MB dye.

Sr. Sample Dye Irradiation Time (min) |Degradation| Degrada- Ref. No
No rate con- | tion effi-

stant K ciency

(min') (%)
1 ZnS-TGA | MB Sunlight 180 0.010 91.10 [10]
2 ZnS-CHI | MB UV light 120 | e 87.00 [50]
3 ZnS-CC MB UV light 120 | - 96.00 [51]
4 ZnS-S MB Visible light 180 | - 81.00 [52]
5 ZnS-A MB UV light 180 0.071 93.00 [18]
6 ZnS MB Sunlight 180 0.013 87.38 [24]
7 ZnS MB Visible light 120 0.020 78.41 [53]
9 ZnS-AHA | MB Sunlight 180 0.012 94.09 Our work

To further explain the photocatalytic mechanism, a possible photocatalytic mechanism for deg-
radation of MB dye by capped ZnS nanoparticles under sunlight irradiation has been proposed
in Figure I11.11. The first step is summarized by the adsorption phase of the dye molecules on
the NAs surface. When the ZnS semiconductor was irradiated by sunlight with energy higher
than the band gap, an electron (¢7)/ hole (h") pair is generated where the electrons e will transfer
from the valence band (VB) to the conduction band (CB) and the holes h" will be located in
VB. The formed e and h" will migrate to the nano-adsorbents surface and react with electronic
reactants such as adsorbed Oz to produce a superoxide anion radical (O2"). The photo-induced

holes can be trapped to produce hydroxyl radical species (OH"), which are assumed to be the
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most essential and powerful oxidizing radical for dye degradation. In addition, intrinsic defects
in the crystal structure (i.e., Vs, and Iz,) act as intermediate energy states for the electrons in-
hibiting or delaying the rapid carrier recombination processes, which improves the separation
of electron-hole pairs [54]. The active radical species (OH" and O>") can effectively degrade
dye molecules to form intermediates like propionic acid and malonic acid with the final products
(COz and H20) [55]. An analogous effect may be expected from the charged functional groups
of the plant extract and the organic-capping agent at the nano-interfaces with ZnS under irradi-

ation. The main reactions that might be involved can be summarized as follows:
(a) Adsorption phase
ZnS-AHA + MB — ZnS-AHA-MB (8)
(a) (&)-(h") pair generation
ZnS-AHA + hv — eBc + hpv' )

(b) Production of superoxide and hydroxyl radicals

e+ 00— 02 (10)
H,0 + h*—OH" + H* (11)
h* + OH" — OH" (12)
(c) Degradation phase
0, + C16H15CIN3S — Intermediates + CO, + H,0 (13)
OH™+ C16H15CIN3S — Intermediates + CO2 + H,O (14)

It is noticeable that the hydroxyl radical plays a key role in the photocatalytic experiment for
the degradation of MB dye. To prove the effect of these species on the degradation process
photolysis experiments were carried out, which were based on sunlight irradiation without
nanocatalysts. These preliminary experiments reveal that less than 10 % of dye were decom-
posed after 180 min of sunlight irradiation which demonstrates the importance of OH* and O™
. These robust radicals found in high density in AHA-capped ZnS NPs arise from the phenols
and flavonoids group of the extract plant. The hydroxyl radical starts to attack dye molecules
from the C-S+=C bond and other bonds to degrade the MB dye. According to the photocatalytic
experiment, the biological and organic-capped ZnS nanoparticles show enhanced photocatalytic

activity for the degradation of MB dye.
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Figure I11.11: Proposed MB dye degradation mechanism using capped-ZnS nano-adsorbents.
111.3.2 Recycling of the ZnS-AHA photocatalysts

Reusability studies are an important tool for evaluating the long-term viability of materials and
can help to take decisions about their use in a variety of applications. In this context, the pho-
tocatalytic stability of ZnS-AHA for MB degradation was thus studied. Repeatability experi-
ments were conducted for 5 continuous cycles (Figure 111.12). After each run, the catalysts
were collected and rinsed a few times with deionized water and ethanol and dried at 100°C for
24 h before the beginning of the next cycle. Results reveal that the catalytic performance re-
mains nearly unchanged and the degradation of MB is kept at 92 + 2 % after 5 successive cycles.
These provide clear evidence of high physiochemical and photocatalytic stability of as-synthe-
sized nanoparticles. We have added the following reusability studies in the photocatalytic sec-

tion.
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Figure 111.12: Reusability of the ZnS-AHA nanocatalysts for the photodegradation of MB.
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V.

Conclusion
In summary, the present findings demonstrate that AHA-capped ZnS NPs synthesized via a
stable, simple and colloidal route at room temperature. An innovative green method for prepar-
ing luminescent ZnS nano-photocatalysts was developed, for the first time, using Artemisia
Herba Alba. FTIR results confirmed the functionalization of nano-adsorbents surface by AHA.
XRD analysis indicated the formation of nanocrystals with an almost pure cubic phase. The
average size of AHA-capped ZnS nanocrystals calculated by using the Debye-Scherrer formula
and observed by HR-TEM was 4 nm. The optical absorption spectra showed the appearance of
an absorption edge shifted towards short wavelengths compared to that of the solid-state semi-
conductor ZnS. PL spectroscopy indicated that no significant emission intensity was observed
which clearly revealed that AHA ligands could play the same role as organic ligands for use in
luminescence applications. Capped-ZnS NPs were used for MB removal under sunlight irradi-
ation source from an aqueous colloidal solution to investigate the adsorption-photocatalysis
synergy. Results showed spontaneous exothermic adsorption with an adsorption capacity of up
to 29.92 mg/g. Adsorption isotherms and statistical physics calculations were used to analyze
the steric and energetic parameters associated with MB adsorption on the surface of nano-ad-
sorbents. The green ZnS nanoparticles showed a remarkable sunlight photocatalytic activity for
MB dye with a conversion rate of 89.18 % in the first hour. ZnS-AHA nanoparticles exhibited
high adsorption and photocatalytic capacity indicating that new plant extracts are a promising

capping agent for potential eco-friendly and environmental applications.

Supplementary Information

V.1 Experimental details

Chemicals and reagents together with Artemisia Herba Alba plant extraction were demonstrated
in the first section of the Supplementary Materials.

V.1.1 Chemicals and Reagents

Analytical-grade chemicals were used from commercial sources without any further
purification. Zinc (II) acetate dihydrate (Zn [CH3COO]>2.2H>0 > 98%), sodium sulfide (NaxS >
98%), and methylene blue dye (C16H1sCIN3S >50%, MW =319,85 g/mol) were purchased from
Sigma-Aldrich. Ultra-pure water (UPW) from the Millipore system was employed in all

aqueous solutions (resistivity > 18 MOhm.com).
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V.1.2 Artemisia Herba Alba extraction

Artemisia Herba Alba (AHA) plants were collected from Tunisia. The selected leaves of AHA
plants were washed with deionized water and then dried in the shade at room temperature and
ground into powder. 11.5 g of powder was added to 200 mL of distilled water. The mixtures
were boiled at 100 °C for 2h and filtered at room temperature. The filtered aqueous solution
constitutes the extract of 4. herba alba, which was used for ZnS nanoparticles fabrication in

the present study. Figure II1.S1 shows a picture of A. herba alba leaves and their extract.

Fig II1.S1: Artemisia Herba Alba plant and its extract.

V.1.3 Synthesis of ZnS nanoparticles

The detailed preparation method of ZnS nanoparticles was reported elsewhere using the
colloidal wet chemical route [10]. The green synthesis of the ZnS NPs was carried out
employing Artemisia Herba Alba (AHA) extract as a complexing agent. In the typical synthesis
process of AHA-capped ZnS NPs, 20 mL of AHA aqueous extract was mixed with 3 mM of
Zn[OOCCHj3]2:2H>0 solution (50 ml). The mixture was then agitated and degassed in the
presence of N> for 30 min. In a second step, under stirring, 1.2 mM of Na>S solution (30 mL)
were added to the solution containing Zn-AHA complexes at room temperature. Then, the
mixture was heated under N> reflux at 100 °C for 3 h to obtain AHA-capped ZnS NPs. The final
solution was allowed to cool down naturally at room temperature to stop the growth of NPs.
The nanoparticles powder was separated by centrifugation for 20 min and washed with water

and ethanol and then it was stored at room temperature to be used later in dye removal studies.

V.14 Adsorbent characterization

Numerous techniques were used to characterize AHA-capped ZnS NPs. XRD measurements
were carried out using Panalytical X’ Pert Pro diffractometer with a CuKa radiation source
(A=1,542A). Fourier transforms infrared (FTIR) spectrum were obtained in the transmission
mode using a Perkin Elmer version 5.3 spectrophotometer in the spectral range of 400-4000

cm! at room temperature using KBr pellet disks. High-resolution transmission electron
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microscopy (HR-TEM) images were recorded using a JEM-2100 microscope operating at 200
kV and equipped with an Energy Dispersive X-ray (EDX) system for element chemical
analysis. A drop of nanocrystal solution was poured on carbon-coated copper grids to obtain
HR-TEM samples where the excess solvent was evaporated. The nanocrystal size and size-
distribution data were collected based on the HR-TEM images by measuring at least 100
randomly selected nanocrystals using an image processing program (ImagelJ, version 1.50).
Absorbance spectra were registered using a SPECORD 210 Plus spectrophotometer in the range
of 200-800 nm at room temperature with a quartz cuvette. Photoluminescence (PL)
spectroscopy was used to study the defects and emission properties of the ZnS NAs using

helium-cadmium laser as an exciting source of 325 nm.

V.1.5 Dye adsorption experiments

Adsorption is the process by which molecules or particles adhere to the surface of a material or
substrate. The study of the adsorption of MB on AHA capped ZnS nanoparticles involves
investigating the interaction between the dye and the surface of the nanoparticles. This can be
done by preparing a suspension of the nanoparticles and adding a known concentration of MB
to it. The suspension is then stirred and allowed to equilibrate for a certain amount of time, after
which the concentration of MB remaining in the solution is measured using UV-Vis
spectrophotometer (SPECORD 210 Plus, Tunisia). All adsorption tests were performed with

magnetic stirring in the dark.

The adsorption capacity of the nanoparticles can be determined by calculating the difference
between the initial and final concentrations of MB in the solution. This information can be used
to determine the effectiveness of the nanoparticles as an adsorbent for MB. Factors that can
affect the adsorption of MB on AHA capped ZnS nanoparticles include the concentration of
MB, the pH of the solution, the temperature, and the size and surface area of the nanoparticles.
These parameters can be varied to optimize the adsorption capacity of the nanoparticles. To
check the effect of these parameters, each one was tested individually by holding all the other
variables fixed. Contact time (0-120 min), initial concentrations of MB (10-30 mg/L), adsorbent
dose (0.1-2 g/L), different medium pH (5-9) and temperature range (298-318 K) were studied
for finding the effect of these variables on the adsorption operation of ZnS nanoparticles in
aqueous solutions. The MB adsorbed amount Qe (mg/g) as well as the percent dye removal

efficiency (%) by the ZnS NPs can be expressed as [8]:

— (CO _Ce)V
m

Qe (S.1)
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Dye Adsorption ef ficiency (%) = (COC;CE)x 100 (S.2)
0

where Co and C. are the initial and the equilibrium concentration of dye in the solution, in
(mg/L), respectively, V is the volume of the MB solution in (mL), and m is the mass of the ZnS-
AHA in (mg). The plot of equilibrium adsorption capacity Qe against equilibrium concentration

Ce in the liquid phase is graphically illustrated to determine the equilibrium isotherm.

Furthermore, the density p was calculated using the following expression [8]:

p=20 (S.3)

N4V

Where Z is the number of atoms per unit cell, M (g mol™') is the molecular weight of the ZnS,
V is the volume of the unit cell (cm™) and N, is the Avogadro number. The specific surface area

S (cm? g'!) of ZnS nanoparticles was calculated using the next equation [8]:

s=25 (S.4)

pD

Where p (g cm™) and D (nm) are the x-ray density of cubic or hexagonal nanoparticles and the
average particle size, respectively.

V.1.6 Photocatalytic degradation measurements

The photocatalytic performance of ZnS-AHA NPs was measured by the photodegradation of
MB as model dye. The photocatalytic experiments were carried out at 300 K and pH 7 with the
initial concentration and volume of 10 mg/L and 20 mL respectively in the presence of 20 mg
ZnS NAs. At midday on a clear day in Tunisia, the intensity of sunlight at the Earth's surface is
typically around 1000 watts per square meter (W/m?). By contrast to sunlight, UV radiation
represented only 5% (50 Wm2) of the total available solar flux received at the surface of the
earth in the most favorable sunlight conditions [10]. After the adsorption phase (in the dark),
the suspensions were submitted to sunlight irradiation between 11 am and 2 pm to rate the dye
degradation. The photocatalytic activity was examinated by monitoring the concentration in
samples of 2 mL of the preparation suspension taken after filtration at different irradiation
periods (0, 10, 20, 30, 45, 60, 120, 180 min). According to the Beer-Lambert law, the
degradation performance was evaluated by measuring the optical absorption at the maximum
absorption wavelength of MB at 664 [8]. The degradation efficiency and rate were calculated

using the following equations [8]:

n=""tx 100 (S.5)

0
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kt=Ln (2 (S.6)
t

t12 &KEZ) (S.7)

Where C, C, are the concentrations (mg/L) and A, and A are the absorbances of MB dye solution
before and after irradiation, respectively, at different times using the NPs. Note that K (min™")
is the apparent reaction rate constant, which is calculated from of Ln (C/Co) or Ln (4A/A¢) versus

L.

V.2 Results and discussion
V.2.1 ZnS-AHA Nanoparticles characterization
V.2.2 Structural study of ZnS-AHA NPs

FTIR spectrometer was used to measure the vibrational frequencies of bonds in the
molecules and to confirm the presence of different functional groups on the surface of ZnS
nanoparticles (Figure II1.S2). The absorption band at 540 cm™ was observed due to the Zn-S
stretching vibrations [25]. The presence of Zn-S vibration clearly indicated that ZnS NPs were
successfully formed. Absorption peak was observed at 3319 cm which is due to the
alcohol/phenol group (-OH) stretching vibration [26]. The strong broad peak at 3665 cm! is
attributed to N-H stretching mode of the secondary amides coming particularly from the
identified molecule dihydroxanthin of plant extract [27]. The peak at 2978 ¢cm™ is probably
ascribed to C-H alkane stretching, while the band at 2893 cm™ could be assigned to the C-H
stretching branched alkene, particularly from the identified molecule cis-hydroxydavanone
compound of AHA extract [27]. The peak at 1575 cm™ could be due to C=0 carbony] stretching
group and the peak at 1057 cm™ was assigned to the stretching vibrations of primary alcohol
groups in the AHA extracts [28]. Hence, these two peaks confirmed the presence of flavonoids
or polyphenolic compounds in AHA-capped ZnS NPs [28]. The peaks at 1393 and 1259 cm™!
corresponded to CH3 and C-O stretching vibration coming mainly from the identified molecule
vulgarin [27]. FTIR analysis evidenced that green nanoparticles were stabilized with the major

phyto-constituents of AHA extract.
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Figure II1.S2: FTIR spectrum of AHA-capped ZnS nanoparticles.

The crystal structures of the as-synthesized ZnS nanoparticles prepared using AHA as a capping
agent were studied by X-ray diffraction (XRD) and the obtained XRD patterns are shown in
Figure I11.S3. The diffraction peaks are broadly confirming the nanometric size of the ZnS
particles. For the phase identification, diffraction patterns of the ZnS were compared and
analyzed using the diffraction standards of the wurtzite phase (JCPDS card No.80-0020) and
zinc blend phase (JCPDS card No.80-0007). XRD patterns can be indexed as cubic zinc blende
structure, and they appear in good agreement with JCPDS data card No. 80-0007 with
prominent peaks corresponding to the reflections at (111) (220) and (311) planes. The non-
appearance of diffraction peaks related to the wurtzite phase demonstrates that AHA capping
favors the cubic structure. To better quantify the effect of the stabilizers, the size of the
nanoparticles was estimated through the Scherrer formula [22]:

KA

D=cas® (S.8)

Where D is the average crystallite size (&), k = 0.9 is the Scherrer constant, A is the wavelength
of X-ray (1.5402 A) Cu Ka radiation, 8 is the full width at half maximum of the diffraction
peak (in radian) and @ is the Bragg diffraction angle, respectively. The estimated average size
of the ZnS-AHA nanocrystals was found to be nearly equal to 4 nm. The smaller size of the
ZnS crystallites encapsulated by AHA extract is most likely due to the strong interaction of
AHA molecules with ZnS nanocrystals which makes the growth slower [29]. On the other hand,
the lattice constant of the cubic phase of ZnS nanocrystals can be estimated using the following

expressions:

a2

dZ — c
hkl h2+k2+12

(S.9)
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Where dh is the inter-reticular distance for the cubic structure; h, k, and | are Miller indices; A
is the wavelength of the X-ray radiation; ac, is the lattice constant of the cubic phase of ZnS
nanocrystals. The calculated average value of the lattice and the inter-reticular distance param-
eters of AHA ZnS nanocrystals was a= 5.4 A and dna=0.31 nm. It should be kept in mind that
the Scherrer formula considers only the size effects coming from the diffraction results, and it

then offers a lower limit for the nanocrystals size and neglects the micro-strain [30].
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Figure I11.S3: DRX patterns of AHA-capped ZnS nanocrystals.

Figure I11.54a shows the HR-TEM images of the AHA-capped ZnS NPs, exhibiting a spherical
shape, and their size distribution histogram. Their aggregation could be due to the high
concentration of nanoparticles. The histogram of nanocrystals size distribution shows that the
average crystal size is 4.3 + 0.5 nm. These results are in good agreement with the XRD results.
The d-spacing determined from the digital micrograph for ZnS is 0.30 nm, which is close to the
spacing of (111) diffraction plane of the cubic phase [2]. Comparing the values calculated by
Bragg law, it is evident that the growth of ZnS-AHA occurs preferentially along the direction
[111]. NPs elemental composition was determined by EDX (Figure I11.S4b). Zn and S are the
major elemental components. The presence of C is related to the TEM grid and other peaks, Si

and P, are probably due to residues coming from the synthesis and the grid.
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Figure I11.54: (a) HR-TEM images of ZnS-AHA nanocrystals with an inset showing the 0.29
nm lattice spacing that corresponded to the (111) plane and (b) EDX results.

V.2.3 Optical study of ZnS-AHA NPs

In order to investigate the optical properties and the impact of ligand on the stability and size
distribution of the nanoparticles, the optical absorption spectra of the ZnS NAs dispersed in
water were recorded in (Figure 111.S5). The UV-Visible absorption spectrum of ZnS NAs
suspension shows an absorption band at 325 nm related to the first electronic transition 1Se-1Sh
[31]. The blue shift compared to bulk ZnS (344 nm, Eq = 3.6 eV) is due to the quantum
confinement of charge carriers due to the small particle size. This tendency is characteristic of
semiconductors 11-VI, mainly associated with the nanocrystals size distribution and sub-
bandgap transitions arising from the intrinsic-extrinsic defect states. We have determined
graphically the value of the optical and band-gap energy Eg using the following Tauc relation
[32]:

ahv = A (hv — Eg)" (S.10)

optical gap energy of the capped ZnS NPs is obtained by extrapolating the plot of the function
(ahv)? to the value a = 0. The intersection of the line with the horizontal axis gives the band gap
energy value, (see insert in Figure II1.S5). The estimated band gap energy for the green ZnS is
3.70 eV. It is clear that the gap energy of these ZnS NPs shifts towards the blue, compared to
that of the bulk ZnS (E, = 3.6 eV); this is due to the very small size of NPs, which induces a
quantum confinement effect (QCE) [33].
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Figure II1.S5: Absorption spectra for ZnS nanoparticles prepared with AHA plant extract.
The determination of the energy band gap using Tauc Relation is shown in the inset.
Figure 111.S6 shows the emission spectra of ZnS NPs obtained with an excitation wavelength
Jexe= 325 nm at room temperature. An intense and wide band centered at 450 nm dominates the
spectrum. The emission spectra are deconvoluted using three Gaussian profiles associated with
three main bands. The first band is less intense and has a spectral width of a few nm and is
strongly correlated with the size of the nanoparticles. This band was attributed to the direct
band-to-band recombination of excitons. The second emission band in the blue region (450
nm), which dominates the spectrum, was attributed to recombination between electrons and
holes at the edges of conduction and valence bands respectively, or involves very shallow
recombination centers (sulfur vacancies Vs) [33]. Finally, the green emission band (500 nm)
was attributed to the interstitial zinc atom (Iz,) [34]. The FWHM of the main emission band is

equal to 62 nm which is related to the size dispersion of the ZnS-AHA NPs.
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Figure I11.56: Gaussian fitting of PL spectra of AHA capped ZnS NPs.
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Résumé

Un transducteur microconductométrique est proposé pour la détection de vapeur de méthanol.
La partie sensible de ce microcapteur de méthanol est préparée par I’encapsulation des
nanoparticules de sulfure de zinc (ZnS) dans le chitosane. Les NPs de ZnS ont été préparées
par une voie colloidale aqueuse et I’extrait de plante d’Artemisia Herba Alba (AHA) étant
utilisé comme agent de capsulage. Ces nanoparticules de ZnS ont été largement caractérisées,
et les résultats ont démontré que les molécules d’ AHA étaient des ligands de capsulage efficaces
pour produire directement une dispersion aqueuse des NPs de ZnS avec une taille moyenne de
nanocristaux de 3,93 nm. Un film mince de chitosane/ZnS-NPs composite a été ¢lectrodéposé
sur les ¢électrodes d’or interdigitées par chronoampérometrie. Les réponses des films a 1’éthanol,
au méthanol et a 1’acétone ont ét¢ mesurées a température ambiante, par des mesures
conductimétriques différentielles a 10 kHz. Le temps de réponse des catalyseurs (trep) pour le
méthanol est de 11 a 25 s entre les concentrations inférieures et supérieures. La limite de
détection du méthanol est de 1400 ppm en phase gazeuse. Le capteur de méthanol présente une
sensibilité 3,8 fois inférieure pour I’éthanol et 30 fois inférieure pour I’acétone. La durée de

conservation du capteur de méthanol est d’un mois.
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A novel conductometric micro-sensor for methanol detection based
on chitosan/Zinc sulfide-nanoparticles composite obtained by green
synthesis

Abstract

A microconductometric transducer is proposed for the detection of methanol vapor. The sensi-
tive part of this methanol microsensor is prepared by the encapsulation of zinc sulfide (ZnS)
nanoparticles (NPs) in chitosan. ZnS NPs were prepared through an aqueous colloidal route,
Artemisia Herba Alba (AHA) plant extract being used as a capping agent. These capped ZnS
nanoparticles (NPs) were widely characterized, and the results demonstrated that AHA were
effective capping ligands for directly producing an aqueous dispersion of ZnS NPs with an
average nanocrystal size of 3.93 nm. A thin film of chitosan/ZnS-NPs composite was electro-
deposited on the interdigitated gold electrodes through chronoamperometry. The ethanol, meth-
anol and Acetone gas-sensing responses of the films were measured at room temperature,
through differential conductometric measurements at 10 kHz. The sensors’ response time (tres)
for methanol is from 11 to 25 s from lower to higher concentrations. The limit of detection for
methanol is 1400 ppm in the gas phase. The methanol sensor presents 3.8 times lower sensitivity
for ethanol and 30 times lower sensitivity for acetone. The shelf life of the methanol sensor is
one month.

Keywords: Chitosan film; ZnS nanoparticles; Artemisia Herba Alba extract; conductivity;
methanol; gas sensor.

l. Introduction

Methanol, the simplest alcohol, is harmless on its own, but its metabolites formic acid and for-
mate are very hazardous after ingestion [1, 2]. It is well known that consuming MeOH may
harm the neurological and circulatory systems permanently, leading to blindness, organ failure,
or even death. It can be found in alcoholic drinks made by distillation or spontaneous fermen-
tation. Blindness cases have been documented following the ingestion of as little as 4 mL of
MeOH. It is often stated that 100 mL of consumed MeOH is the least deadly dosage [1]. MeOH
is often employed as a cleaning agent and solvent in industry, and it is an alternate energy carrier
to hydrogen [3]. For repeated exposure during the working day without experiencing serious
health consequences. It is thus necessary to create assays and sensors that are sensitive, reason-
ably priced, and easy to use for industrial laboratories, suppliers, and end users. MeOH has been

identified using a variety of methods, such as gas chromatography [4], Fourier transform infra-
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red spectrometry [5], Raman spectroscopy [6], and surface plasmon resonance [7]. These meth-
ods are not suited for routine usage because of their limitations, which include high costs and
the requirement for skilled personnel. To address the issue, a gas sensor approach has been used
to detect MeOH or other volatile organic chemicals (VOCs). Numerous sensors are based on
semiconducting metal oxides such as SnO2 [8, 9], ZnO [10, 11], WO3 [12]. The main draw-
backs of these nanomaterials are their high working temperature and their rather poor specific-
ity. Metal sulfides as sensing materials for gas detection have been poorly studied. By studying
physical and chemical properties of nanostructured metal sulfides, it arose that such materials
may be very good candidates to be further investigated in the chemoresistive gas sensing field.
Indeed, by using these materials, we expect an improvement from an energy consumption point
of view, both in thermal and photo-activation modes, due to their lower bandgap than for metal-
oxide semiconductors [13]. The comparison between CdO and CdS, for the detection of 5 ppm
ethanol, carried out at the relative best working temperature (300 °C) for both sensing materials,
highlights the negligible response of CdO with respect to CdS. The response of SnS2 sensor for
2500 ppm of methane was higher than the SnO2 one, and the response/recovery times of SnS2
were faster than SnO; [13]. The detection of methanol, ethanol and acetone was tested on dif-
ferent thicknesses of In»S3, in the range 2000 ppm to 10,000 ppm (for methanol), at a working
temperature of 350 °C. A higher sensitivity was observed for ethanol [14]. SnS was able to
detect ethanol in the range 14.86 ppm to 100 ppm at 160 °C [15]. Some published gas sensors
were based on ZnS nanoparticles, working as chemoresistors under thermoactivation. A study
reports the ZnS quantum dots (QDs) synthesis by a hot-injection method for acetone gas sensing
applications. This sensor was highly selective to acetone, at 175 °C, in the range of 20 ppm to
100 ppm [16]. Novel Au nanoparticles decorated wurtzite ZnS hollow spheres (Au NPs-ZnS
HSs) were successfully synthesized by simple hydrothermal and deposition—precipitation meth-
ods. The obtained chemoresistive sensor was used at 260 °C for the detection of ethanol, n-
propanol and n-butanol for 50 ppm concentration [17]. ZnS NPs have recently drawn special
attention because of their abundance, low cost, good stability, non-toxicity, physical and chem-
ical stability, good light UV absorption, and high catalytic efficiency [18-20]. Several chemical
and physical methods are widely used to elaborate ZnS NPs like pulsed laser deposition [21],
solvothermal [22], sol-gel [23] and hydrothermal [24]. Researchers have eveloped a new ap-
proach to synthesize functionalized ZnS NPs using capping agents. These surface capping
agents bind on the surface of the nan particles and provide colloidal stability, passivation of
surface defects, and water solubility [25]. Among the capping agents most often used, we can

cite layers of organic thiol ligands such as mercaptopropionic acid [26], B-mercaptoethanol
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[27], thioglycerol [28], cysteine [29], glutathione [30] and thioglycolic acid [31]. However, an-
other alternative method and technique is the biosynthesis of ZnS NPs by the green route due
to its simplicity, non-toxicity, stability, and cheapness [32]. The synthesis of nanoparticles using
plant extracts can potentially eliminate the problem of the organic capping agents, which are
expensive and toxic, by making the nanoparticles more biocompatible. To the best of the au-
thor’s knowledge, several researchers have been focused on the green synthesis of ZnS NPs by
different plants like Acalypha indica [33], Tridax procumbens [33], Abrus precatorius [34], Fi-
cus Johannis [35], Azadirachta Indica [36]. In this context, Artemisia Herba-Alba (AHA) or
"desert wormwood", also known as ‘Chih’, is an herbaceous plant with woody, branched stems,
30-50 cm high, leafy, and a thick stump. Artemisia Herba-Alba is a grayish perennial dwarf
shrub growing in arid climates (the Middle East and North Africa) [37]. The leaves are small,
sessile, pubescent, and showy silver.

The flowers are grouped in clusters and have ovoid flower heads [37]. Artemisia species have
practical applications such as food additives [38], antiviral agents [39], antimalarial agents [40],
antimicrobial agents [41], anti-inflammatory agents [42], and anti-hepatotoxic agents [43].
Moreover, some Artemisia species have practical applications in medicine for the treatment of
various diseases, such as stopping pain, invigorating blood, relieving cough, and acting as a
diuretic, anthelminthic, antiallergenic, and antitoxic agent [44]. This desert wormwood has
more than 160 individual components, including many essential oils, terpenoids, flavonoids,
luteolin and flavones [44]. The phytobioactive constituents present in the aqueous extract of
AHA play an important role in capping and stabilizing the biosynthesized ZnS NPs. There are
several studies on green synthesis. In this work, a rapid and new straightforward method for the
green synthesis of ZnS-AHA NPs, using for the first time an extract of Artemisia Herba Aba is
implemented, and these green nanoparticles are studied for their applications in gas sensors.
ZnS-AHA NPs will be encapsulated in a chitosan film as a conductive film deposited on an
interdigitated electrode for the detection of gaseous compounds. Chitosan (CS) is a natural pol-
ymer derived from chitin, which is found in the exoskeletons of crustaceans such as crabs,
shrimp, and lobsters. It is obtained by deacetylating chitin through a chemical process that con-
tains functional groups such as hydroxyl (-OH) and amino (-NH2), displays sufficient affinity
to small analytes [45]. It has gained attention in recent years due to its unique properties, such
as abundance, biocompatibility, biodegradability, low cost, and low toxicity [46]. Chitosan can
be used as a coating material for electrodeposition due to its ability to form a film on metal
surfaces. The electrodeposition of chitosan is based on its local insolubility, caused by the local

increase of the pH value through the electroreduction of protons [47]. Its biocompatibility and
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biodegradability also make it an attractive alternative, making it applicable to electrochemical
sensors [47], biosensors [48], gas sensors [49], and volatile organic compound sensors [50, 51].
It presents appropriate interactions with the capped nanoparticles due to their functional groups.
In this work, after morphological and spectroscopic characterizations, ZnS-AHA NPs is encap-
sulated in an electrodeposited chitosan film, allowing the electroaddressing of the chi-
tosan/ZnS-NPs film on the working pair of interdigitated electrodes, the reference pair being
covered with a chitosan film for differential measurements. The detection of methanol and other
VOC (ethanol, acetone) were measured in the headspace of aqueous liquid mixtures, at ambient

temperature.

Il.  Experimental

Chemicals, Artemisia herba alba plant extract, synthesis of AHA-capped ZnS NPs, fabrication
process and packaging of micro-conductometric chips, electrodeposition of chitosan/ZnS-AHA
films on the interdigitated electrodes, characterization techniques, and conductometric meas-

urements are presented in the Supplementary Information.

I1l.  Results and discussion
I11.1 Nanoparticle characterization
111.1.1 Morphological study of ZnS-AHA NAs

FTIR spectroscopy was used to measure the vibrational frequencies of bonds in the molecules
and to confirm the presence of different functional groups on the surface of ZnS nanoparticles
(Figure IV.1a). The absorption band at 540 cm™! was observed due to the Zn-S stretching vi-
brations [52]. The presence of Zn-S vibration clearly indicated that ZnS NPs were successfully
formed. The absorption peak was observed at 3319 cm™ which is due to the alcohol/phenol
group (-OH) stretching vibration [53]. The strong broad peak at 3665 cm™! is attributed to N-H
stretching mode of the secondary amides, coming particularly from the identified molecule di-
hydroxanthin in plant extract [54]. The peak at 2978 cm™! is probably ascribed to C-H alkene
stretching, while the band at 2893 cm™! could be assigned to the C-H stretching branched alkane
coming particularly from the identified molecule cis-hydroxydavanone compound of AHA ex-
tract [54]. The peak at 1575 cm™ could be due to the C=O carbonyl stretching group, and the
peak at 1057 cm™ was assigned to the stretching vibrations of primary alcohol groups in the
AHA extracts [55]. Hence, these two peaks confirmed the involvement of flavonoids or poly-
phenolic compounds in AHA-capped ZnS NPs [55]. The peaks at 1393 and 1259 cm™' corre-

sponded to CH3 and C-O stretching vibrations coming particularly from the identified molecule
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vulgarin [54]. FTIR analysis evidenced that green nanoparticles were stabilized with the major
phytoconstituents of the AHA extract.

The crystal structures of the as-synthesized ZnS nanoparticles prepared using AHA as a capping
agent were studied by X-ray diffraction (XRD), and the obtained XRD patterns are shown in
Figure IV.1b. The diffraction peaks are broad, confirming the nanometric size of the ZnS par-
ticles. For the phase identification, diffraction patterns of the ZnS were compared and analyzed
using the diffraction standards of the wurtzite phase (JCPDS card No. 80-0020) and the zinc
blende phase (JCPDS card No. 80-0007). XRD patterns can be indexed as cubic zinc blende
structures, and they appear in good agreement with JCPDS data card No. 80-0007, with prom-
inent peaks corresponding to the reflections at the (111), (222), and (311) planes. The non-
appearance of diffraction peaks related to the wurtzite phase, demonstrates that AHA capping
favors the cubic structure. To better quantify the effect of the stabilizers, the nanoparticle size

was estimated through the Scherrer formula [53]:

KA
D= @ M

where D is the average crystallite size (A), k= 0.9 is the Scherrer constant, 1 is the wavelength
of X-ray (1.5402 A) Cu Ko radiation, 8 is the full width at half maximum of the diffraction
peak (in radian) and @ is the Bragg diffraction angle, respectively. The estimated average sizes
of the ZnS-AHA nanocrystals were equal to 3.93 nm. The smaller size of the ZnS crystallites
encapsulated by AHA extract is most likely due to strong interaction of AHA molecules with
ZnS nanocrystals which makes the growth slower [56]. On the other hand, the lattice constant

of cubic phase of ZnS nanocrystals can be estimated using the following expressions:

a2

i = WCZHZ ()
where dju is the inter-reticular distance for the hexagonal and cubic structure; 4, k, and / are
Miller indices; /4 is the wavelength of the X-ray radiation; a., is the lattice constant of cubic
phase of ZnS nanocrystals. The calculated average value of the lattice parameter of AHA ZnS
nanocrystals was a= 5.4 A. It should be kept in mind that the Scherrer formula considers only
the size effects coming from the diffraction results, and it then offers a lower limit for the nano-
crystals size and neglects the micro-strains [57,58].

The density p of ZnS-AHA NPs was calculated using the following expression [31]:
— M (3)

P=N
where Z is the number of atoms per unit cell, M (g mol™') is the molecular weight of the ZnS,

V is the volume of the unit cell (cm>) and NA is the Avogadro number. The specific surface
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area S (cm? g'!) of ZnS nanoparticles was calculated using the next equation [31]:
6

§=25 4)
where p (g cm™) and D (nm) are the x-ray density of cubic or hexagonal nanoparticles and the
average particle size, respectively. The specific surface area of ZnS-AHA was found to be
36.82 cm? g'!; this high specific surface area is a key factor to reaching the gas adsorption
process.

Figure IV.1c shows the HR-TEM images of the sample and the corresponding size distribution
histogram. The aggregates could be due to high NPs concentrations (most likely during the
solvent evaporation process for HR-TEM sample preparation). AHA-capped ZnS nanocrystals
exhibit a spherical shape. The histogram of nanocrystals size distribution shows that the average
crystal size is 4.03 + 0.5nm. These results are in good agreement with XRD results. The d-
spacing determined from the digital micrograph of ZnS is 0.29 nm, which is close to the spacing
of (111) diffraction plane of cubic phase [59] and which shows that the growth of ZnS-AHA
occurs preferentially along the direction [111]. Nanocrystals elemental composition was deter-
mined by EDX; the results presented in Figure IV.1d indicate that Zn and S are the major ele-
mental components. The presence of C was related to the TEM grid. Other small peaks (Si and

P) are also detected, probably due to residues coming from the synthesis and from the grid.

(a) ZnS-AHA (b) ZnS-AHA

Z8- JCPDS Card 80-0020

c11) WZ- JCPDS Card 80-0007
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Figure IV.1:(a) FTIR spectra, (b) DRX patterns, (c) HR-TEM images with inset showing the
0.29 nm lattice spacing that corresponded to the (111) plane with the size distribution of ZnS-
AHA nanocrystals and (d) EDX results of ZnS-AHA NPs.
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111.1.2 Optical study of ZnS-AHA NPs

In order to investigate the optical properties and the impact of the ligand on the stability and
size distribution of the nanoparticles, the optical absorption spectra of the ZnS NPs dispersed
in water were recorded (Figure IV.2a). The UV-visible absorption spectrum of ZnS NPs sus-
pension shows an absorption band at 325 nm related to the first electronic transition 1Se-1Sh
[60]. The blue shift as compared to bulk ZnS (344 nm, Eg = 3.6 eV) is due to the quantum
confinement of charge carriers as a result of the small particle size. This tendency is character-
istic of semiconductors II-VI and is mainly associated with the nanocrystal size distribution and
sub-band gap transitions arising from the intrinsic—extrinsic defect states. We have determined
graphically the value of the optical and band-gap energy Eg using the following relation of Tauc
[61]:

ahv = A (hv — Eg)" ®))

Here, a is the absorption coefficient, 4 is a constant, h is the Planck constant, v is the frequency
of radiated photons and n is a transition-dependent factor (n = 1/2 for direct semiconductors).
The optical gap energy of the capped ZnS NPs is obtained by extrapolating the plot of the
function (ahv)? to the value o = 0. The intersection of the line with the horizontal axis gives the
value of the band gap energy, see insert in Fig. 2a. The estimated band gap energy for the green
ZnS is 3.70 eV. It is clear that the gap energy of these NPs shifts towards the blue compared to
the bulk ZnS (E; = 3.6 e¢V) due to the very small size of NPs, which induces a quantum con-
finement effect (QCE) [62].

Figure IV.2b shows the emission spectra of ZnS NPs obtained with an excitation wavelength
Jexc= 325 nm at room temperature. An intense and wide band centered at 450 nm dominates the
spectrum. The obtained emission spectra are deconvoluted using three Gaussian profiles asso-
ciated with three main bands. The first band is the less intense and has a spectral width of a few
nm, which is strongly correlated with the size of the nanoparticles. This band was attributed to
the direct band-to-band recombination of excitons. The second emission band in the blue region
(450 nm), which dominates the spectrum, was attributed to recombination between electrons
and holes at the edges of the conduction and valence bands, respectively, or involved very shal-
low recombination centers (sulfur vacancies) [63]. Finally, the green emission band (500 nm)
was attributed to the interstitial zinc atom (Iz,) [22]. The FWHM of the main emission is equal

to 62 nm, which is related to the size dispersion of the ZnS-AHA NPs.
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Figure IV.2: (a) Absorption spectra and (b) Gaussian adjustment of PL spectra of ZnS-AHA
NPs.
111.1.3 The EDS mapping of CS/ZnS

CS/ZnS is a composite consisting of a chitosan (CS) matrix combined with zinc sulfide (ZnS)
nanoparticles. EDS mapping can be used to determine the spatial distribution of these elements
on micro-conductometric chips. According to Figure IV.3a, we observe the presence of differ-
ent chemical elements such as Au, Si, Ti, C, Zn, and S, which are at the origin of the deposit of
CS/ZnS on the electrodes, which are already based on Au, Si, and Ti. Zn mapping (Fig. 3b) was
obtained when focusing on the ZnKa2 Xray at 8.639 keV, which is at the foot of the AuLL Xray
at 8.484 keV. A contribution of Au is then observed on the interdigitated electrodes. The disper-
sion of Zn is well observed between the interdigitated electrodes, in the insert of Figure IV.3b.
S mapping (Figure I'V.3c) was obtained when focusing on the Ska Xray at 2.307 keV, which 1s
partly covered by the AuMb Xray at 2,203 keV. A contribution of Au is then observed on the
interdigitated electrodes. The dispersion of S is well observed between the interdigitated elec-
trodes, in the insert of Figure IV.3c. EDS elemental mapping results suggest that Zn and S are
homogeneously distributed on the micro-conductometric chips, showing that the AHA-ZnS

NPs are well dispersed in the chitosan film.
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Figure IV.3: The EDS mapping of Chitosan/ZnS composite for atomic distribution of Zn and
S. (a) EDS spectrum, (b) Zn EDS mapping, (¢) S EDS mapping.

111.2 The conductometric measurements

111.2.1 Conductimetric response to vapors and proposed mechanism

The preparation of the standard solution and calculation of the gas phase content through

Henry’s law [64,65] are presented in section 8 of the Supplementary Information.

To evaluate the response to target gas and to find the best gas sensing, the conductometric de-
tection of several volatile organic compounds *VOCs’ (methanol, ethanol, acetone, chloroform

and water) were performed.

The conductivity of the Chitosan-ZnS composite-based sensor, read in differential mode by the
lock-in amplifier, increased dramatically when exposed to the headspace of pure solvents, as it
is observed in Figure IV.4. As clearly seen, the response of the sensor shows a higher response
to methanol compared to the other VOCs. It can be supposed that AHA-capped ZnS NPs
promote surface defect formation with the creation of more active sites, which consequently

enhances the gas sensing performances.
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Figure 1V.4: Detection of gas-phase concentration for pure liquid phase of methanol, acetone,
chloroform, ethanol, water.

Figure IV.5 describes the proposed schematic illustration of methanol gas sensing using ZnS-
AHA NPs sensor. The sensing mechanism occurring during methanol detection on chi-
tosan/ZnS-NPs sensor, can be described as follows: The first step is the oxygen adsorption on
the sensor’s surface, adsorbed from the outside air. The oxygen ions adsorbed on the surface of
the AHA-capped ZnS NPs (Reaction (5)) and can form a depletion layer, withdrawing electrons
from the bulk, which leads to an increase in the electrical resistance. O™ species are then formed
(Reaction (6)). Once exposed to reducing gas (methanol, CH3;OH), O™ species will react with
the gas (Reaction (7)) and enable the electrons injected back into the active material, causing

an increase in electronic conductivity [66]. Recombination e/h” will then occur (Reaction (8)).

02 (gas) — O2 adsorbed (6)

O adsorbed + 2e” «» 20" (adsorption) (7)
CH30H (vapor) + 30 (adsorption) «» CO; + 2H,0 + 3¢ (8)
e +h" — null + energy 9)

The h" means the holes with positive charge.

After the methanol vapor is introduced, the oxygen species containing O™ will react with gas
molecules, resulting in an increase in sensor sensitivity. The high response and short response
and recovery times of chitosan and ZnS-NPs are mainly based on the large surface-to-volume
ratio of ZnS-AHA NPs, which is a vital factor for high sensing performance. In addition, the

quantity of sulfur vacancies on ZnS-AHA NPs is also increased due to the large concentration
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of AHA ligand on the NPs surface. The high content of sulfide vacancies is confirmed by the
photoluminescence spectra (Figure IV.2), which are dominated by the recombination between
sulfur vacancies (Vs) and the valence band. Thus, more oxygen species were adsorbed on the
surface of chitosan/ZnS-NPs which yielded a greater response. The sensor response towards
methanol is much higher than that towards ethanol, acetone due to the fact that the sensor works
on the principle of adsorption, in which methanol has a higher polarity and less steric hindrance
than ethanol or acetone. This more favorable interaction with the sensor is achieved through

hydrogen bonding [67].
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Figure IV.5: Schematic illustration of methanol gas sensing using chitosan/ZnS-NPs sensor.

111.2.2 Analytical performance

Microconductometric measurements in the headspace of different methanol/water solutions are
given in Figure IV.6. It is clear that the sensor conductance increases with an increase in the

concentration of methanol in the gas phase.

The response time (tres) of the chitosan/ZnS-NPs based conductometric sensor varies from 11
to 25 s from lower to higher concentrations (Figure IV.7). Whereas the time to be recovered
(trec) back to the baseline, immediately after removal from the headspace, varies from 5 to 11
s. The calibration curve of the chitosan/ZnS-NPs based sensor for methanol, ethanol, and ace-
tone are presented in Figure IV.8. Calibration curve for methanol sensor presents the best line-
arity (R? =0.99988) and the highest sensitivity S: 52.42 pS.cm™(v/v), 3.8 times higher than that
of ethanol (13.8 uS.cm™(v/v)) and 30 times higher that of acetone (1.75 pS.cm(v/v)). The
sensor-based on chitosan/ZnS-NPs presents a detection limit for methanol of 0.14 v/v% (1400
ppm) in the gas phase, this concentration corresponds to 0.31 M in the aqueous phase, the de-

tection limit being calculated according to the following expression: 26/S, ¢ being the noise
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from the blank. The relative standard deviation for the described sensor, over ten determina-
tions, ranged from 2% for higher concentrations to around 8 % for lower concentrations. The
reproducibility was studied, using 5 different methanol sensors. The obtained relative standard
deviation ranges from 10 % for all concentrations.

The reusability experiment for the CS/ZnS-AHA film sensor was performed in 4 cycles with a
time interval of 15 days. The main object of reusability was to investigate the results
reproducibility of a methanol gas sensor. The optimum response given by CS/ZnS-AHA for
methanol was 85 %, whether the same results are reproduced by the film sensor was
investigated in the experiment. With a time interval of 15 days in four turns, a slight decrease
in response was observed for methanol due to visible degradation in the homogeneity of the
prepared film sensor of CS/ZnS-AHA. The results obtained in the experiment are expressed in
Figure IV9. The sensor keeps its sensitivity of detection for two months, when kept in the

fridge at 4 °C between the measurements.
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Figure 1V.6: Detection of gas-phase concentration for different methanol/water solutions
chitosan/ZnS-NPs sensor, using a lock-in amplifier.
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Figure IV.9: Reusability for Chitosan/ZnS-NPs sensor for methanol gas.

To confirm the sensor selectivity, methanol was measured in the presence of ethanol and ace-
tone (Figure IV. §5). It is observed that the methanol signal is increased by a factor of 10% in
the presence of ethanol (2%) and by a factor of 4 % in the presence of acetone (2%), which is
in the range of relative standard deviation. We noticed from Figure IV.4 that the detection signal
of the pure methanol gaseous phase is 587 pS.cm™ and that of pure water is 63 uS.cm™’. Even
though chitosan is hygroscopic, the differential measurement decreases the signal from the wa-
ter and limits its interfering effect.

A lot of methanol sensors have been fabricated (Table IV.1) but this is the first time that green
synthesized ZnS-AHA is used for the conductometric detection of methanol. The obtained sen-
sor works at ambient temperature and has a short response time. The interferences of water and

of ethanol are quite limited.
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Table IV.1: Response times and detection limits of previously published methanol sensors

based on various materials.

Methanol sensors Operating temperature | Response time (tres) | Detection limit Refs
() (ppm)
TiO2 doped CdS/amperometry 360 10s 0.18 [68]
ADH/Amperometry 36 5s 10 [69]
Pd doped SnO2 nanoparticles/ 350 25s-10s 1 [70]
conductivity
graphene oxide/polyindole / 26 7 0.015 [71]
conductivity
Pd—Pt-1n,0s/Sn0O> 160 32 0.1 [72]
ZnO/Mo0Qs 200 54 34 [73]
rGO-TiO; nanotubes 110 41 [74]
dPIn pellet 26 26 48 [75]
PVC-NiPc nanofibers 25 13 15 [76]
Chitosan-NiPc/Conductometry 25 32s-25s 700 [77]
Chitosan-ZnS/Conductometry 25 25s-11s 1400 This work

111.2.3 Application of methanol sensor

The new standard 10% methanol ice washer is a product made from 10% methanol and used as
a degreaser and windshield cleaner. After detection in the gas phase of an absolute and of a 20%
methanol solution, the detection in the gas phase of the new standard 10% methanol ice washer
was carried out (Figure IV. $6). The conductivity found in the ice washer gas phase was 67.1
uS/cm. This value corresponds to 1.27 + 0.16 v/v% in the gas phase. The determined concen-
tration of ice washer is then 2.79 + 0.35 M, corresponding to 11.29 &+ 2.83 %, which is in good
agreement with the value given by the producer, 10%.

In the same domain of gas/vapor sensors, previously published, a chemiresistor sensor based
on palladium nanoparticles allows the detection of methanol in perfumes and dyes and presents
a detection range of 0.31 mM-3.5 mM [78]. Our fabricated microconductometric methanol
sensor is comparatively less sensitive, with a relatively large detection limit (310 mM). In order
to improve the sensor's sensitivity, the gas detection could be done under UV light illumination,

which may enhance the production of O™ species.

Conclusion

In summary, the present findings demonstrate the new synthesized AHA-capped ZnS NPs via
a stable, simple, colloidal route at room temperature. Therefore, for the first time, an innovative
green method for preparing luminescent ZnS nanoparticles was developed using Artemisia
Herba Alba. FTIR results confirmed the functionalization of nanoparticle surfaces by AHA lig-

ands. XRD analysis indicated the formation of nanocrystals with a cubic phase. The average
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size of AHA-capped ZnS nanocrystals calculated using the Debye-Scherrer formula and meas-
ured by HRTEM was around 4 nm. These new nanoparticles were used for methanol vapor
detection, after their introduction in a chitosan film. The new sensor shows excellent sensitivity
toward methanol 3.8 times higher than toward ethanol, 30 times higher than toward acetone.
The response time (too) of the sensor varies from 11 to 25 s for lower to higher concentrations.
The detection limit is 1400 ppm in the gas phase, corresponding to 0.31 M in the liquid phase.
This detection limit could be improved under UV light illumination, and this sensor could then

be used for the measurements of methanol in exhaled breath.

V.  Supplementary Information
V.1 Experimental section
V.1.1 Chemicals and Reagents

Analytical grade chemicals were used from commercial sources without any further
purification. Zinc (I1) acetate dihydrate (Zn [CH3COO]..2H20 > 98%), sodium sulfide (NazS >
98%), sodium hydroxide (NaOH, 99%), Chitosan lower molecular weight (deacetylated chitin,
degree of acetylation 85-95% Mw=230 kDa) and glacial acetic acid (99.9%) were purchased
from Sigma-Aldrich. Ultra-pure water (UPW) from Millipore System was employed in all

aqueous solutions (resistivity >18 MOhm.com).
V.1.2 Artemisia Herba Alba extraction

Artemisia Herba Alba (AHA) leaves were collected in Tunisia. The selected parts of AHA
plants were washed with deionized water, dried in the shade at room temperature, and ground
into powder. 11.5 g of powder was added to 200 mL of distilled water. The mixtures were
boiled at 100 °C for 2h and filtrated at room temperature. The filtrated aqueous solution is the
extract of A. herba-alba, which is used for ZnS nanoparticle fabrication in the present study.

Figure 1V. S1 shows a picture of A. herba-alba leaves and their extract.
[ —— e ey |

Dried in shade Plant extract

Figure 1V.S1: Artemisia Herba Alba plant and its extract.

133



V.1.3 Synthesis of AHA-capped ZnS NPs

The detailed preparation method of ZnS nanoparticles was reported elsewhere using the
colloidal wet chemical route [31,59]. Artemisia Herba Alba (AHA) was used as a stabilizer for
preparing the green ZnS NPs. The typical synthesis process of AHA capped ZnS NPs is the
following one: 20mL of Artemisia Herba Alba aqueous extract were mixed with 3mM of
Zn[OOCCH3]2-2H20 solution. The mixture was agitated and degassed in the presence of N2
for 30 min. In a second step, 1.2 mM of Na2S solution was added to the solution containing
Zn-AHA complexes at room temperature under stirring. Then, the mixture was heated under
N2 reflux at 100 °C for 3 h to obtain the final AHA-capped ZnS NPs. The dried precipitate was
allowed to cool down naturally at room temperature in order to stop the growth of NPs. A
nanocolloidal suspension was formed and centrifuged at 2500 rpm for 20 min; After removing
the supernatant and replacing it with ethanol, the suspension was centrifuged, and after

removing the supernatant, the obtained nanoparticles were stored at room temperature.
V.1.4 Fabrication process and packaging of micro-conductometric chips

The interdigitated microelectrode chip was fabricated using UV lithography and thin film e-
beam evaporation deposition. The fabrication procedures were carried out at the Institute of
Nanotechnology of Lyon (INL), Lyon, France. The size of the interdigitated chip was 5x 28.7
mm. Finger width was 20 pum, the finger distance was also 20 um. The flowchart for the process

of fabrication of the microconductometric chip is presented in Figure 1V.S2.

Glass substrats (Borosilicate)
4inches 1mm thick with two polished sides
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Figure IV.S2: Flow-chart for the process of fabrication of microconductometric chips
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V.1.5 Electrodeposition of chitosan/ZnS-AHA films on the interdigitated electrodes

The fabricated microelectrode chips were cleaned through sonicating in ethanol for 15 min, in
acetone for 15 min, rinsed in water, dried under a nitrogen flow, and then exposed to UV-Ozone
Pro Cleaner (BioForce) for 30 min before electrodeposition of chitosan/ZznS-AHA on the
electrode surfaces. The chemical composition of the ZnS-AHA NPs suspension was: 1% (v/v)
of acetic acid, 1% (w/w) of chitosan; (lower molecular weight). The pH was adjusted at 7 by
carefully adding drops of 0.1M NaOH into the chitosan suspension while agitating using a
magnetic. The electrodeposition process for the fabrication of the conductimetric sensor is
presented in Figure 1V.S3.

For the chronoamperometric deposition technique, a three-electrode format was used: the
working sensor as a working electrode, an Ag/AgCl as reference electrode, and a platinum wire
as counter electrode. The next step was carried out by putting the three electrodes in a 5 mL
beaker of Chitosan + ZnS NPs solution (working electrode). The chronoamperometric
deposition was conducted at an applied potential of -1.4 V for 4 min by using an EC LAB
potentiostat [51]. The cathodic current at the electrode, measured as a function of time,
fluctuated according to the diffusion of H* from the bulk solution towards the sensor surface.
The current (mA) continued to decrease until it became stable within 4 min, which assumes the
(chitosan/chitosan + NPs) film is well deposited on the gold surface to form a film. A current
of 50 YA is observed through the proton reduction, and then a decrease in this current is
observed, due to the deposition of the chitosan (chitosan/ZnS-NPs) film on the interdigitated
electrodes (IDEs). A stable value of 3 pA is observed after the first minute (Figure 1V.S4). The
same procedure is used for the reference sensor, a chitosan film is deposited without ZnS-NPs.
After electrodeposition, the chips were carefully rinsed in ultrapure water (UPW), kept dry in
air for 45 min, and then stored in the fridge at 4 °C before use. The fabricated sensor from
chitosan/ZnS-AHA is ready for gas detection using conductometric measurements in the

differential mode.

135



Electrodeposition of Chitosan/ZnS-AHA

Working sensor Reference sensor
Interdigitated gold electrode Interdigitated gold electrode

Chitosan (pH=7)
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Figure IV.S3: Flow-chart for the process of fabrication of microconductometric chips
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Figure 1V.S4: Chronoamperometric measurement monitoring of electrodeposition of
chitosan.

V.1.6 . Characterization techniques

Various techniques were applied to characterize AHA-capped ZnS NPs. XRD measurements
were performed using Panalytical X’ Pert Pro diffractometer with a CuKa radiation source
(A=1,542A).

The Fourier transform infrared (FTIR) spectrum of ZnS-AHA NPs was obtained in the
transmission mode at room temperature using a Perkin Elmer version 5.3 spectrophotometer in

the spectral range of 4004000 cm ™! using KBr pellet disks.
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HR-TEM images were obtained using a JEM-2100 analytical electron microscope operating at
an accelerating voltage of 200 kV and equipped with an Energy Dispersive X-ray (EDX) system
for elemental chemical analysis. A drop of nanocrystal solution was poured on carbon-coated
copper grids to obtain HR-TEM samples after the excess solvent was evaporated. The
nanocrystal size and size distribution data were obtained based on the HR-TEM images by
measuring at least 100 randomly selected nanocrystals using an image processing program
(Imagel, version 1.50).

SEM images were obtained using a Tescan Vega SBU scanning electron microscope, operating
at an accelerating voltage of 20 kV, equipped with a Bruker Esprit Compact EDS detector.
Absorbance spectra were recorded using a SPECORD 210 Plus spectrophotometer with a quartz
cuvette in the range of 200-800 nm at room temperature. Photoluminescence (PL) spectroscopy
was applied to analyze the defects and emission properties of the ZnS using as exciting source

the 325 nm of a helium-cadmium laser source.
V.1.7 Conductometric measurements

Conductometric detection was achieved by applying to each pair of interdigitated electrodes
(sensors) a small-amplitude sinusoidal voltage (10 mV peak-to-peak at 0 V) at a 10 kHz
frequency generated by "VigiZMeter" conductometer which is manufactured by the company
“Covarians”, and the responses of the gas sensor were recorded as a function of time. These
conditions were used to reduce faradaic processes, multi-layer charging, and polarization at the
microelectrode surface [51]. The differential output signal was recorded between the working
and the reference pairs of interdigitated electrodes. The working sensor was obtained by electro-
deposition of a chitosan/ZnS-AHA NPs film and the reference sensor was obtained by the
electro-deposition of a chitosan film. Conductometric measurements were done by introducing
the working sensor and the reference sensor in the headspace over the liquid phase in a
cylindrical container for one minute and then by withdrawing it (Figure IV.S5). The differential
measurement of conductance (AG) was recorded versus time. The response time (tres) describes
the time necessary to reach 90% of the total change of conductance and the recovery time (trec)

characterizes the time necessary to recover 10% of the total change in conductance.
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Figure IV.S5: Diagram of the experimental setup.
V.1.8 Preparation of VOC samples

The gas sensor performance was tested in methanol, ethanol and acetone samples which were
collected from the headspace above aqueous solutions with known concentrations of (0-100%).
The as-mentioned gas phase concentration depends on Henry’s law constants of the given
analyte in water and was calculated from Henry’s law following the equation announced at

25°C by Sander in 1999 [63].
k=<2 (S.4)

Pg
Where k9 is the Henry’s law constant for standard conditions; [kJ] = M/atm, c, is the aqueous
concentration of the analyte; [ca] = M and p, is the partial pressure of the analyte in the gas

phase; [pg] = atm.

For the gas analytes listed above at (25°C) i.e, methanol, ethanol, and acetone; Henry’s law
constants value of 2.2 x 102 M/atm, 1.9 x 10> M/atm, and 0.24 x 102 M/atm were considered
respectively [65]. In Table 1V.S1, the calculated equilibrium gas-phase concentrations of
methanol, ethanol and acetone above the aqueous phase are listed.
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Table 1V.S1: Equilibrium gaseous phase concentrations above aqueous methanol, ethanol, and

acetone solution at 25 °C per Henry’s law constants reported by Sander et al [65].

S/N % Volumetric Concentration of Concentration of Concentration of
concentration  methanol in the gaseous ethanol in the gaseous acetone in the gaseous

phase (% v/v) phase (%v/v) phase (% Vv/v)

1 0% 0 0 0

2 20% 2.25 1.79 11.26

3 40% 4.5 3.58 22.52

4 60% 6.75 5.37 33.78

5 80% 9 7.16 45.04

6 100% 11.25 8.95 56.03

To confirm the sensor selectivity, in addition to the methanol/water solutions we have tested

the Measurement of methanol when ethanol and acetone are presented. From Figure IV.SS5, it

is observed that the methanol signal is increased by a factor of 10% in the presence of ethanol

(2%) and by a factor of 4 % in the presence of acetone (2%).
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Figure 1V.S6: Effect of the presence of 1/5 of ethanol and of acetone compared to methanol

on the sen

sor signal.
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Au cours de cette theése, nous avons étudi¢ la préparation ainsi que les propriétés de NCs non
toxiques et respectueux de l'environnement, qui sont susceptibles de constituer une alternative
aux différents applications environnementales. Un échange de ligand a également été effectué
sur les NCs de ZnS afin de passer de I’organique vers la chimie verte. La performance de ces
nanocristaux a été valorisé par les applications dans la photocatalyse des polluants organiques

et dans les capteurs de gaz.

Dans la premiére partie de cette thése, des nanocristaux de Sulfure de Zinc (ZnS) ont été
préparés en utilisant une voie colloidale aqueuse avec de 1'acide thioglycolique (TGA) comme
stabilisant. Ces nanocristaux de ZnS-TGA ont été utilisés comme alternative peu colteuse et
respectueuse de I'environnement pour la photodégradation du bleu de méthyléne et de 'orange
de méthyle a partir de solutions aqueuses par irradiation solaire. Les propriétés structurelles et
optiques des nanocristaux ont été déterminées par diffraction des rayons X, spectroscopie
infrarouge a transformée de Fourier, microscopie électronique a transmission, spectroscopie
UV-Visible et photoluminescence. Les résultats ont montré un décalage vers le bleu de la bande
d'absorbance et des valeurs de bande interdite d'énergie plus élevées que les matériaux ZnS
massifs, ce qui était en accord avec 1'effet de confinement quantique. La diffraction des rayons
X a confirmé la formation d'une phase cubique de ZnS-TGA contenant également une légere
phase wurtzite. La taille moyenne calculée des nanocristaux de ZnS par la relation Debye
Scherrer était de 3,5 nm. Les résultats de la caractérisation ont montré la fixation de TGA sur
les NCs de ZnS via des fonctionnalités soufrées et carboxyliques a la surface du catalyseur. Les
spectres de photoluminescence obtenus sous une longueur d'onde d'excitation a 325 nm ont
montré trois bandes d'émission (416, 441 et 484 nm), qui €taient principalement liées au bord
de bande et aux émissions activées par défaut. L'activité photocatalytique des nanocristaux de
ZnS-TGA sous irradiation solaire pour dégrader les colorants MB et MO testés et leur mélange
dans des solutions aqueuses a été évaluée. Une efficacité élevée de dégradation du colorant a
¢té obtenue en tres peu de temps (27 min) et cette performance a €té attribuée a la charge de
surface négative, a la surface, aux défauts de surface et a la forte dispersion des nanocristaux
de ZnS-TGA sur le milieu aquatique. Dans I'ensemble, cette étude démontre que ces
nanocristaux pourraient étre utilis€és comme nanocatalyseurs a faible cotlit pour la dégradation

des colorants organiques dans le traitement des eaux usées.

Dans la deuxiéme partie de cette thése, Nous rapportons une voie facile et verte pour une
nouvelle syntheése de nanoparticules de ZnS a l'aide d'extrait de plante d’ Artemisia Herba Alba

(AHA) pour une adsorption/photodégradation efficace du colorant bleu de méthyléne. Les
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résultats ont montré un décalage vers le bleu dans la bande d'absorbance et des valeurs de bande
interdite d'énergie plus élevées que les matériaux ZnS massifs, ce qui était di aux effets de
confinement quantique. La diffraction des rayons X a confirmé la formation de la phase cubique
de nanocristaux de ZnS-AHA avec une taille moyenne calculée de 4 nm. Les NPs de ZnS
synthétisées vertes montrent une efficacité d'adsorption améliorée de MB. Les NPs de ZnS-
AHA ont montré une surface spécifique de 36,82 cm2 g ! et une capacité d'adsorption de 31,17
mg g ' pour bleu de méthyléne. Le modéle Langmuir—Freundlich a été utilisé pour extraire les
données d'adsorption. Les performances de dégradation photocatalytique des nanoparticules
vertes sous irradiation solaire ont montré un taux de dégradation remarquable du colorant de
94,09 % en 180 min. En résumé, ces nouveaux matériaux, respectueux de I'environnement,
représentent une alternative trés prometteuse dans le traitement des eaux usées pour

I'élimination des composés organiques.

Dans la derniére partie de cette thése, Un transducteur microconductométrique est proposé
pour la détection de vapeur de méthanol. La partie sensible de ce microcapteur de méthanol est
préparée par encapsulation de nanoparticules de ZnS dans le chitosane. Les NPs de ZnS ont été
préparées par voie colloidale aqueuse, 1'extrait de plante d’ Artemisia Herba Alba (AHA) étant
utilisé comme stabilisant. Ces nanoparticules ont été largement caractérisées et les résultats ont
démontré que les AHA étaient des stabilisants efficaces pour produire directement une
dispersion aqueuse de NPs de ZnS avec une taille moyenne de nanocristaux de 3,93 nm. Un
film mince de composite chitosane/ZnS-NPs a été électrodéposé sur les électrodes d'or
interdigitées par essai chrono-ampéromeétrique. Les réponses de détection de gaz d'éthanol, de
méthanol et d'acétone des films ont ét€ mesurées a température ambiante, par des mesures
conductométriques différentielles a 10 kHz. Le temps de réponse des capteurs (trep) pour le
méthanol est de 11 a 25 s des concentrations les plus faibles aux plus élevées. La limite de
détection du méthanol est de 1400 ppm en phase gazeuse. Le capteur de méthanol présente une
sensibilité 3,8 fois plus faible pour I'éthanol et 30 fois plus faible pour 1'acétone. La durée de

conservation du capteur de méthanol est d'un mois.

Parmi les perspectives envisagées pour ce travail, nous pouvons citer :

> FEtude de ’effet de la modification de la surface des NCs en utilisant d’autre types des
ligans a base des extraits de plantes comme Artemisia campestris et le juniperus com-

munis sur les propriétés et sur les différentes applications visees.
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» Réaliser le dopage des NCs ZnS avec des ions métalliques tels que Co?* ou Ni?* dans le
but de les doter de propriétés magnétiques et permettre leur utilisation comme sondes

bimodales pour des applications en bioimagerie.

» Développer d’autres nanocristaux par la chimie verte comme Fe3Os, ZnSe et étudier
leurs performances dans les applications de photocatalyse et les capteurs de gaz.
> Exploiter les propriétés de fluorescences de nanocristaux synthétisés pour faire la de-

tection des gaz sous irradiation.
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Les techniques de caractérisation structurales et optiques utilisées pour la caractérisation des

NCs synthétisés au cours de cette thése sont les suivantes :

. Spectroscopie UV-Visible

La spectroscopie UV-visible est une méthode d’analyse qui permet principalement de mesurer
I'absorbance (appelée aussi densité optique D.O.) d'une substance chimique donnée en solution
a I’aide d’un spectrophotometre.

Les spectres d’absorption UV-Visible des différentes solutions de NCs ont été mesurés avec un
spectrophotometre UV-visible SPECORD 210 Plus.

. Spectroscopie de photoluminescence (PL)

La spectroscopie de photoluminescence est une technique de caractérisation op-
tique permettant de caractériser les propriétés luminescentes des materiaux.

Les spectres d’émission de photoluminescence (PL) dans cette these ont été enre-
gistrés en utilisant comme source d'excitation de laser hélium-cadmium (325 nm)

a température ambiante.

La mesure de la fluorescence couplée a celle de 1I’absorption permet de calculer le
rendement quantique de photoluminescence des nanomatériaux prépares par rap-
port & une référence qui peut étre un colorant organique tel que la fluorescéine ou

la rhodamine.
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. Spectroscopie infrarouge a transformée de Fourrier (FTIR)

La spectroscopie infrarouge a transformée de fourrier (FT-IR : Fourier Transformation Infra-
Red spectroscopy en anglais) est une méthode d’analyse vibrationnelle de la matiére permettant
I’identification des fonctions chimiques présentent a la surface des NCs.

Les mesures FT-IR dans cette these, ont été réalisées en mode transmission a température
ambiante a l'aide d'un spectrophotomeétre Perkin Elmer version 5.3 dans la gamme spectrale de

400 a 4000 cm-1 a l'aide de disques de pastilles KBr.

. La diffraction des rayons X (DRX)

La diffraction de rayon X (DRX) est une technique qui permet d’identifier la structure cristal-
line des NCs en poudre et elle est utilisée principalement pour l'identification des phases exis-
tante dans un matériau. La DRX permet également d’avoir des informations sur les parametres
de maille, la taille des cristallites et de déterminer les positions des atomes qui constituent le
mateériau.

Les diagrammes de DRX dans cette these, ont été enregistrés a 1’aide d’un diffractometre
Panalytical X'Pert Pro en utilisant un rayonnement Cu Ka (A = 0, 1542 nm). Les échantillons
ont été placés sur un support d’échantillon en silicium et les mesures ont été enregistrés a

température ambiante.

. La microscopie électronique a transmission et de haute résolution
(MET et HR-MET)

La microscopie électronique a transmission est une technique de caractérisation structurale et
microstructurale indispensable pour 1’é¢tude des matériaux a 1’échelle nanométrique. Elle per-
met d’évaluer la dispersion et la taille des NCs et d’enregistrer des diagrammes de diffraction
des électrons.

Les mesures de microscopie électronique a transmission (MET) et de haute résolution (HR-
MET) ont été effectuées a I’aide d’un instrument Electron FEI Tecnai G2 et JEM-2100 analy-
tical electron fonctionnant a 200 kV. Une goutte d’une solution de NCs dispersés dans 1’eau,
est déposée sur une grille de cuivre supportée par un film de carbone. Un faisceau d’électrons
de forte énergie (10 a 100 keV) est envoyé pour traverser cette goutte, conduisant a 1’obtention
sur le film photographique d’une image ou d’un diagramme de diffraction électronique des

particules.
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A haute résolution (HR-TEM), cette technique permet d’identifier le type de réseau cristallin
d’une nanoparticule, les défauts d’empilement ainsi que le changement de phase a I’échelle de

la maille cristalline.

. La spectroscopie de rayons X a dispersion d'énergie (EDX ou EDS)

La spectroscopie de rayons X a dispersion d'énergie (EDX ou EDS) est une technique utilisée
en science des matériaux et en chimie analytique pour analyser la composition ¢lémentaire d'un
¢chantillon. Il est souvent associé a la microscopie électronique a balayage ou transmission

(SEM/TEM) pour fournir a la fois des capacités d'imagerie et d'analyse élémentaire.

La spectroscopie EDX peut fournir des informations qualitatives et quantitatives sur les
¢léments présents dans un échantillon. Qualitativement, il peut identifier les éléments en
comparant les pics d'énergie dans le spectre aux énergies de rayons X connues de différents
¢léments.

Les images de EDX dans cette thése, ont été enregistrés a 1’aide d'un microscope électronique
a balayage Tescan Vega SBU, fonctionnant a une tension d'accélération de 20 kV, équipé d'un
détecteur Bruker Esprit Compact EDS et a ’aide d'un microscope €électronique a transmission

Electron FEI Tecnai G2 et JEM-2100 analytical electron fonctionnant a 200 kV .
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