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Abstract: Climate change accelerates water quality decline, necessitating innovative
solutions. Nanotechnology has significantly addressed global issues, notably improving access
to clean drinking water. Nanotech-driven sensors offer remote water quality analysis, crucial
for decision-making in crisis management. These advancements aim to alleviate the ongoing

drinking water scarcity worldwide, with potential long-term benefits.

The first part of this work explores carbon nanotubes (CNTs) as 2D nanomaterials for
enhancing the reliability of resistive devices. It emphasizes the importance of understanding
and treating CNTs in thin film to ensure electronic and chemical reliability. A new
purification process is introduced to eliminate unwanted amorphous matter, enhancing the
effectiveness of wet processes and solvent-based depositions of CNTs. This approach aims to
restore trust in these cost-effective and scalable methods, addressing previous concerns about

poor quality and high amorphous content.

In the second experimental chapter, CNTs underwent extensive studies for their parallel
electronic and chemical capability to create nanohybrids with conjugated molecules, referred
to as noncovalent n-n functionalization. Different methods of noncovalent functionalization
were thoroughly compared, and finally incubation method was chosen both for its more
promising results in terms of functionalization and its perfect compatibility with the thin-film

treatment method developed in the first part.

Thanks to a process development mindset, the resulting nanohybrids were accessible in thin-
films and proven for their highly electronic and chemical performances. Finally, these
prepared thin films were integrated into different resistive device concepts, and were
characterized against different analytes in water. The results of the devices are preliminary but
promising in the domain of water quality analysis to inspire more studies on the development

of sensors.
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Résumé francais

Le changement climatique aggrave la détérioration de la qualité de I'eau, ce qui nécessite des
solutions innovantes. Les nanotechnologies permettent de proposer des solutions aux
problémes sociétaux actuels, notamment en améliorant potentiellement l'acces a une eau
potable et propre. Ces capteurs pilotés offrent une analyse a distance de la qualité de I'eau, ce
qui est crucial pour la prise de décision et la gestion de crise. Ces avancées visent a soulager la

pénurie d'eau potable mondiale actuelle, avec des avantages potentiels a long terme.

Dans le premier chapitre de ce travail, nous avons discuté I'état de Il'art concernant les
nanotubes de carbone (CNTSs), leur fonctionnalisation, et les capteurs basés sur les CNTs. Les
résultats de cette étude nous ont permis de faire progresser le projet sous différents aspects,

notamment en nous aidant a comprendre que :

- Les propriétés électroniques et chimiques des CNT peuvent étre exploitées pour créer
des dispositifs électroniques avec des fonctionnalités simples. Elles sont intéressantes
dans le développement de capteurs, en raison de I’interaction chimique avec leur
environnement.

- La fonctionnalisation non-covalente des CNT est un moyen de contrdler leurs
interactions, de les canaliser vers des interactions desirées spécifiques, et de bénéficier
de leurs propriétés électroniques.

- Les capteurs jouent un réle important dans nos vies, et ils sont nécessaires pour lutter
contre les changements écologiques, notamment la détérioration de la qualité de I'eau
potable.

Des capteurs basés sur les CNT ont été développés par différents groupes pour aborder la
qualité de l'eau, et notamment les capteurs chimio résistifs qui ont un mécanisme simple et
une polyvalence intéressante. Cependant, sur la base de I'étude de I'état de I'art, les limitations

suivantes pourraient étre énumeérées :

- Une des limitations importantes des CNT est leur tendance a former des faisceaux.

L'hybridation sp? des CNT (résultant de la présence d'orbitales m abondantes) est
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responsable de l'interaction avec les espéces de leur environnement. Principalement,
ces interactions fortes aboutissent a la création d'agrégats de CNT, ce qui diminue leurs
propriétés particuliéres.

- Dautre part, malgré de nombreuses études sur l'intérét et les applications de la
fonctionnalisation non-covalente des CNT, il existe des limitations en termes de
compatibilité du processus avec des méthodes de dépbt simples, contournant les
impacts de la dispersion assistée par sonication des CNT. Il y a également des
perspectives de recherche sur le type de molécules conjuguées et leurs interactions
spécifiques avec les CNT.

- Enfin, le développement d'un dispositif de détection basé sur les CNT doit étre adapte
aux méthodes de dépdt et de fonctionnalisation utilisés. Il existe un vaste domaine de
recherche sur les dispositifs de fabrication spécifiques a la détection des analytes dans

I'eau.

Le deuxiéme chapitre explore I'aspect important de la préparation des CNT avant de débuter le
processus de fonctionnalisation. Dans certaines applications ou les propriétés électroniques
des CNT sont d'une importance capitale, I'exploration des voies de fonctionnalisation sont
prometteuses, méme en présence de matiere amorphe. Grace a la fonctionnalisation, un
mélange de modifications mécaniques, thermiques et chimiques peut étre induit dans le
comportement des CNT, indépendamment de leur qualité initiale.'> Cependant, lorsque les
échanges électroniques a l'interface entre les CNT et les groupes fonctionnels sont importants,
une attention particuliere doit étre accordée a la qualité de surface des CNT. Cela garantit
I'efficacité et la fiabilité des interactions électroniques, ameliorant ainsi les performances des
systemes basés sur les CNT dans les applications électroniques. L'objectif du deuxiéme
chapitre était d'étudier la nécessité de procédures de post-traitement pour garantir la qualité de
surface des CNT avant de progresser vers le développement de dispositifs de détection, et les

résultats suivants ont été obtenus :

- Les méthodes de dépbt des CNT basees sur des solutions sont choisies pour leur

polyvalence, leur faible co(t et leur grande évolutivité.
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- La morphologie du depdt et la dispersion homogéne des CNT dans un réseau
homogéne sont importantes pour la fiabilité du capteur. Ainsi, un réseau homogene de
CNT peut étre produit a partir d'une encre contenant des nanotubes hautement
dispersés.

- Les CNT recus du fournisseur ont subi un processus de purification pour éliminer la
majorité de leur matiére amorphe. Cependant, ce processus ne garantit pas I'élimination
totale de la matiere amorphe.

- Le oDCB et le NMP sont des solvants qui peuvent disperser les CNT en utilisant la
sonication. Les dispersions sous forme d’encres avec le NMP comme solvant offrent
une durée de vie 50 fois plus longue que celles basées sur le oDCB.

- L'impression jet d'encre a été particulierement étudiée, et un processus avec
I'imprimante Dimatix a été optimisé qui utilise une buse, une vitesse de goutte de 6 m/s
et une distance par rapport au substrat de 500 pm.

- La sonication a montrée qu’elle fournissait suffisamment d'énergie pour initier une
ouverture de cycle des solvants oDCB et NMP, entrainant la dégradation de ces
solvants et la création des dits "sonochimiques”. Ces sonochimiques peuvent induire
encore plus de matiére amorphe sur les parois des CNT.

- Une étape de post-traitement est nécessaire pour purifier les CNT en éliminant la
matiere amorphe qui vient de la matiere amorphe issue de la récupération des CNTs de
la surface aprés la synthese en poudre commerciale, et plus important encore, les
sonochimiques qui occupent les parois des CNT.

- Un processus a été développé qui consiste a chauffer des films minces de CNT a 650
°C et 1 mbar. Cette procédure a été caractérisée et s'est avérée efficace pour améliorer
la qualité des CNT.

Dans le chapitre suivant, il a été discuté que le développement d'une fonctionnalisation
efficace pour les SWCNTs implique un processus nuancé et complexe. Trois méthodes de
fonctionnalisation distinctes ont été explorées. Dans le cas de la méthode de mélange, la
présence claire de la molécule dans I'encre de CNT a éliminé le besoin de caractérisations

specifiques. En revanche, avec I'approche de fonctionnalisation en une étape, ou il existait une
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incertitude quant a la présence de la molécule a I'état solide aux cOtés des CNTs, diverses

techniques spectroscopiques ont été utilisées pour étayer la fonctionnalisation.

En tenant compte de l'impact observé de la sonication sur la qualit¢t des CNT et de
I'occupation de la surface par la matiére amorphe, il est devenu évident que la simple présence
de matiere amorphe pourrait ne pas impliquer un échange électronique entre les molécules
aromatiques et les CNT. Par conséquent, une enquéte sur la méthode d'incubation a été initiée
aprés le processus de nettoyage. Cette analyse exhaustive a révélé que la méthode de
fonctionnalisation induisait des altérations structurelles, influencait I'occupation des parois et
modifiait la morphologie des CNT. Ayant réussi a assembler un autre élément de ce puzzle
complexe, on peut affirmer qu'un matériau a I'état solide a été créé, capable de servir de
capteur. Cette réalisation fait avancer la recherche, préparant le terrain pour la discussion a

venir dans le chapitre suivant.

Aprés avoir développé un chemin de fonctionnalisation efficace pour les SWCNTSs, il était
temps de passer a l'objectif ultime du travail présent et d'appliquer les CNT fonctionnalisées
dans le développement de dispositifs de détection capables d'interagir avec les analytes dans
I'eau. Le dernier chapitre s'est penché sur les tests des efforts visant a purifier et a
fonctionnaliser les nanotubes de carbone (CNT) pour leur application potentielle dans les

dispositifs de détection.

Les résultats sont multifacettes, chaque caractérisation offrant des perspectives spécifiques sur
divers facteurs qui influent sur I'efficacité opérationnelle des capteurs chimiorésistifs utilisant
des CNT. Par conséquent, des enseignements ont éte tirés de chaque caractérisation, informant
sur les optimisations dans le traitement des CNT (en particulier le processus de chauffage), les
techniques de fonctionnalisation des CNT, et la conception et la fabrication des dispositifs de

détection.

Ce processus iteratif a conduit a une évolution dans la caractérisation des dispositifs de
détection, des dispositifs haut de gamme (IDEs) utilisant des CNT non traitées et
insuffisamment fonctionnalisées, a des dispositifs plus fondamentaux (UCQs) utilisant des

matériaux soigneusement caracterisés. Notamment, une sensibilite accrue des CNT aux
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variations de pH a été observeée pour donner suite a une fonctionnalisation réussie avec la
molécule M3.

De plus, il a été démontré que la fonctionnalisation des CNT avec la molécule M2 conférait
une sélectivité a I'égard de la concentration d'eau dissoute. Enfin, l'utilisation de pCQs a
permis I'examen sélectif de la réponse de la molécule M5 au glyphosate. Bien que les résultats
présentés dans ce chapitre ne soient peut-étre pas révolutionnaires dans le domaine de la
technologie des capteurs, ils offrent des perspectives précieuses et novatrices qui peuvent étre

explorées davantage pour faire progresser les capteurs chimiorésistifs basés sur les CNT.
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ChemFET
CFME
CMOS
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CVv
CVvD
DCM

DI

DMF
DO
DOD
EIS

FET
FTIR
HRTEM
IDE

1JP
MAC
MALA
MWCNT
NMP
NR

Analogue Front End

Benzyl Viologen

Chemical Field Effect Transistor
Carbon-Fiber Microelectrode
Complementary metal-oxide—semiconductor
Carbon nanotube

Cyclic voltammetry

Chemical Vapor Deposition
Dichloromethane

Deionized

Dimethylformamide

Dissolved Oxygen

Drop-On-Demand

Electrochemical impedance spectroscopy
Field Effect Transistor

Fourier transform infrared

High resolution transmission electron microscopy

Interdigitated Electrodes

Inkjet Printing

Maximum Acceptable Concentration
Material-assisted laser ablation
Multi-Walled Carbon nanotube
N-Methyl-2-pyrrolidone

Natural Rubber
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oDCB ortho-Dichlorobenzene

OTS SAM Octadecyltrichlorosilane self-assembled monolayers
PCB Printed Circuit Board

PDMS Polydimethylsiloxane

PEI Polyethyleneimine

PMMA Polymethylmethacrylate

PTFE Polytetrafluoroethylene

RBM Radial Breathing Mode

SEM Scanning Electron Microscopy

SIN Silicon + Silicon nitride (Si/Si3N4)

SoC System-on-Chip

SWCNT Single-Walled Carbon nanotube

TEM Transmission Electron Microscopy

THF Tetrahydrofuran

TLM Transfer Length Method

Uvo Ultra-Violet Ozone

WHO World Health Organization

nCQ Quartz Substrates integrated with a MicroChannel
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Introduction

Ecological changes have diverse impacts on human livelihood, with a pronounced challenge
being the longstanding struggle for reliable sources of drinking water globally. currently, this
challenge is summarized by three primary factors. Firstly, climate change disrupts rainfall
patterns, rendering historically arid regions even drier. Secondly, the irresponsible release of
industrial waste contaminates water resources, posing threats to human and wildlife health.
Lastly, the expanding population intensifies the demand for this essential life necessity amid

decreasing availability.

According to the World Health Organization (WHO), approximately 2 billion people lack
access to safe drinking water, resulting in around 1.8 million annual deaths, primarily due to
water-borne diseases like diarrhea.* Additionally, poor water quality can lead to various health
problems, including skin infections, respiratory issues, and even cancer.® Moreover, the
ecological consequences of water pollution can result in the degradation of aquatic habitats

and loss of biodiversity.°

Simultaneously, there is a growing need to assess water quality along pipelines and in local
areas. Contaminants such as bacteria, viruses, protozoan parasites, pesticides, and heavy
metals pose unique threats, necessitating their identification and removal before distribution to
the public.” Continual monitoring and testing of water sources and distribution systems are
imperative, especially in communities relying on surface water susceptible to contamination

from various sources.®

Technological advancements, particularly in digital data collection and transmission, facilitate
autonomous processes, providing rapid data for informed decision-making to combat the
water crisis.® Electrical sensors with digital transduction, such as those measuring
contamination as electrical resistance, prove effective in evaluating water quality across

diverse locations, including remote areas.*®

In the context of this project, the objective is to fabricate selective resistive sensors using

carbon nanotubes (CNTs) functionalized with home-made conjugated molecules. This
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solvent, particularly through inkjet printing, emerges as a cost-effective method for sensor

fabrication.1!

After a comprehensive literature review on the topic, employing a drill-down analysis
approach, the report continues with the subject of CNT processing and explores a novel
approach to enhance the quality of CNTs deposited from a solvent, crucial for sensor
applications. Subsequently, the report delves into functionalization routes for developing
nanohybrids that selectively interact with common water pollutants. Lastly, it details a novel
design of sensing devices incorporating microfluidic systems for water pollutant detection.
The conclusion offers perspectives for further exploration in drinking water sensor

development.
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In this chapter, a comprehensive bibliography review will be presented on the subjects of
interest in a logical manner. First, the topic of carbon nanotubes, their structure, synthesize
methods, and applications will be discussed opening the door to the next major topic on this
thesis; functionalization. In the functionalization section, different methods will be discussed

as well as their applications and their impact on the intrinsic properties of CNTSs.

Later on, different methods in the literature will be discussed that are used for characterization
of functionalization. Finally, the topic of water analytes and the state of the art on the CNT-
based sensors for water quality analysis will be generally mentioned from the literature,
sensors based on CNTs will be discussed, providing a general overview of different
transduction methods, and the topic will be narrowed down to chemiresistive sensors, and

more specifically those used for water quality analysis.

1.1. Carbon nanotubes (CNTS)

Carbon nanotubes (CNTs) were first identified in 1991 by Sumio lijima a Japanese scientist,
who observed these tiny tubes while examining the by-products of the arc discharge method
used to produce carbon fibers.'? Since then, they have been the subject of numerous studies
and have gained interest in various fields of science and technology due to their unique
properties. The global commercial interest in CNTSs is evident in a production capacity that is

several thousand tons annually.*®

There are two types of CNTs; Single-Walled CNT (SWCNT) and Multi-Walled CNT
(MWCNT). As the name suggests, SWCNT is one single tube-shaped by rolling one graphene
layer, while in MWCNT multiple graphene layers are rolled and the smaller tubes are within

larger tubes as depicted in Figure 1.
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carbon nanotube carbon nanotubes
(SWCNT) (MWCNT)

Figure 1. Carbon nanotubes, Graphene and Graphite in correlation (from tuball.com).

Beyond their structural and electronic characteristics, CNTs have been investigated for diverse

applications in the realm of materials science.*

1.1.1. Structure of CNTs

Carbon nanotubes represent two-dimensional tubular structures formed by sp? hybridized
carbon atoms, presenting an enhanced iteration of sheet graphene.r® In the honeycomb-like
structure of CNTs, each carbon atom is bound to 3 other carbon atoms, leaving one free

electron in the = orbital providing an sp? structure.®

The sp? hybridization of carbon atoms in CNTs has a foundational role in dictating their
electrical conductivity. Variations in the electrical conductivity of cone-shaped CNTs have
been linked to a reduction in charge carrier concentration, stemming from hydrogen
localization on carbon m-orbitals, the shift from sp? to sp® hybridization affecting the band

structure of CNTSs, thus resulting in a metal-semiconductor-insulator transition.!” Extensive
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exploration into the sp? hybridization of carbon nanomaterials has been conducted to tailor
their electrocatalytic attributes through noncovalent functionalization with molecular doping,
thereby influencing the electronic structure for exceptional properties.*®

sp hybrid sp? hybrid sp? hybrid

orbitals orbitals orbitals

Figure 2. sp, sp? and sp® types of hybridization (toppr.com).

The configuration of carbon atoms within CNTs, known as chirality, imparts diverse
electronic characteristics, encompassing semiconducting, semi-metallic, or metallic behavior,

alongside altered mechanical properties.*®

The electronic traits of CNTs intricately hinge on their atomic makeup delineated by chirality,
denoted by the chiral indices (a1,a2) ?° as shown in Figure 3. These chiral indices are important

in elucidating the structure-property correlations essential in CNT studies.?!
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Figure 3. Two lattice vectors a1 and a; on a graphene sheet?? (with permission).
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Chirality comes from the orientation of the graphene sheets to which they are rolled.?® Figure
4 shows the different orientations of CNT when they are synthesized. The shape and diameter
of a CNT are defined by a lattice vector as C = mai+naz, where a; and a. are related to the
diameter, and m and n define the chirality. If m = n, the CNT is called armchair, and when m
=0 or n =0, the CNT is called zigzag. Metallic properties are always seen in armchair
CNTs.2

[5,5] CNT [7,5] CNT [7,0] CNT
Armchair Chiral Zigzag
Metallic Semiconducting  Semiconducting

Figure 4. Carbon nanotubes are classified as armchair, chiral, or zigzag based upon their structure.
Each type has differing electronic properties®® (with permission)

1.1.2. Applications of CNTs

The extended system of x orbitals on the walls of CNT makes them a great candidate for
electronic conductance.® On the other hand, this structure allows CNTSs to adsorb chemicals in

their surrounding environment, which alters their electronic conductance.?’

CNTs have gained significant attention due to their exceptional properties, leading to a wide
range of applications across various fields. They have been extensively utilized in diverse
applications such as catalysts, water treatment absorbents, photo catalysis, conductive and

high-strength composites, energy storage and conversion devices, sensors, field emission
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displays, radiation sources, hydrogen storage media, semiconductor devices, probes, and
interconnects.?32° Unique mechanical, chemical, and electrical properties of CNTs have made
them valuable for electrochemical and optical biosensing, as well as for biomedical

applications such as drug and vaccine delivery, scaffold materials, and biosensors.3°-33

Figure 5 is an example of application of CNTSs in exterminating bacteria, which is interesting
in fighting bacteria diseases. They have also been explored for their biocompatibility and
potential utilities in biological settings, which are crucial factors in determining their

applications in medicine and biology.3*

CNT

Plasmid  Bacterial DNA

CNT penetrates Cell wall bursts;
into cell cell death occurs

Bacteria ‘ CNT-Bacteria
aggregate

Figure 5. Supposed mechanism of CNTs Antimicrobial activity. CNTs clustered against bacterial cells

and then tear down them by penetration®® (with permission).

The potential applications of CNTs extend to the field of lightweight construction, where their
outstanding mechanical properties make them promising materials for further development.®
The exceptional electrical and mechanical properties of CNTs have led to their utilization in
electronic applications, including the fabrication of nanocomposites with potential
applications in electronics packaging as thermal interface materials.3® CNTs have also
attracted attention for their potential applications in lipid bilayers, as shown and explained in

Figure 6.3
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a-hemolysin
—

Covalently modified, Lipid bilayer-coated MWCNT a-hemolysininsertionin
monolayer coated MWCNT lipid bilayer

Figure 6. Schematic drawing of the insertion of protein into the bilayer of a lipid modified MWCNT
(front view). (A) Covalent modification of a COOH—MWCNT after reaction with DPPE. (B) Lipid
bilayer formation during sonication of lipid-modified MWCNT with DPPC molecules in phosphate
buffer and (C) insertion of a-hemolysin in the lipid bilayer-coated MWCNT. Drawing not to scale®

(with permission).

The preparation of aligned and/or micro patterned CNTs has been identified as crucial for
applications ranging from nanocomposites to field-emitting displays, further demonstrating
the diverse applications of CNTs.*® CNTs contribute to the creation of self-healing polymer
nanocomposites, finding utility in diverse fields like sensors, actuators, coatings,

microelectronics, adhesives, and biomedical applications.3®

Figure 7 illustrates the potential of CNTs is underscored in the energy sector, with
advancements in carbon nanotube-silicon heterojunction solar cells achieving power

conversion efficiency and active area records exceeding 17% and 2 cmz, respectively.
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Figure 7. Graphical breakdown of the major areas of research and development in the carbon

Light management

nanotube—silicon solar cell literature*® (with permission).

1.1.3. Synthesis of CNTs

The synthesis, of CNTs have been the focus of extensive research, highlighting the
significance of CNTs in materials science and their potential impact on various technological
fields.*>*? Various growth techniques, including plasma-enhanced chemical vapor deposition
and laser-assisted growth, have been examined to control the growth and properties of

CNTs.#34 Challenges persist in the orientation and direction of CNTs, posing hurdles for
commercial purposes.®
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Among CNT synthesis methods, chemical vapor deposition (CVD) has emerged as a
promising approach for large-scale production. CVD involves the use of catalysts such as Ni,
Fe, Fe-Ni, and Ni-Mo to facilitate the growth of CNTs.4®

Figure 8 depicts a schematic representation of a standard thermal chemical vapor deposition
(CVD) apparatus. Effectively managing the flow of source gases, adjusting pressure, and
controlling temperature are crucial aspects of the CVD apparatus. It's worth noting that the
apparatus is not restricted to a horizontal furnace configuration, as shown in Figure 8; vertical
or cold-wall types are also prevalent. Within CVD techniques, the selective growth of
SWCNTs can be achieved by manipulating catalyst particle size. Additionally, by regulating
catalyst particle distribution or utilizing suitable substrates, the growth direction of individual

SWCNTs can be precisely controlled.*’

Furnace

Mass flow ] [
controller Silica tube
G taini
as containing Substrate Vacuum
Carbon (Co, or = — —
cHl

Figure 8. Schematic of CVD device*’ (with permission).

The diameter of CNTs is regulated by employing nearly monodisperse iron nanoclusters,

defining the dimensions of CNTs synthesized through chemical vapor deposition (CVD).*

The arc discharge method is another a widely used technique for the synthesis of CNTs due to
its simplicity and cost-effectiveness. This method involves creating an electric arc between
two carbon electrodes in an inert atmosphere or liquid medium, resulting in the formation of

CNTs. The arc discharge method has several variations, such as using hydrogen gas®,
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deionized water and NaCl solution®, and even in open air.>* The resulting CNTs exhibit good
crystallinity, high thermal stability, and electrical conductivity.*® The arc discharge method
allows for the synthesis of not only CNTSs but also other carbon nanostructures, such as carbon

onions and fullerene tubes.>23

The use of different catalysts and conditions in the arc discharge method can influence the
properties of the synthesized CNTs. For example, the addition of metal powders to the anode
can lead to the synthesis of CNTs containing metal.>* Furthermore, the synthesis of metal-
CNT network hybrids has been achieved using the hydrogen arc discharge method.> The arc
discharge method has also been employed for the synthesis of CNTs from polymer waste and
high-density polyethylene waste, demonstrating its potential for sustainable and

environmentally friendly CNT production.®57

Helium filled Chamber

Figure 9. Schematic of a carbon arc discharge for the synthesis of nanoparticles®® (with permission).

Although the arc discharge method offers simplicity and cost advantages, it introduces
challenges concerning controllability and the optimization of synthesis conditions.
Consequently, alternative methods, like chemical vapor deposition and laser ablation, have

been devised to overcome these limitations.>® Nonetheless, the arc discharge method remains a
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valuable approach for the large-scale production of CNTs due to its scalability and potential

for recycling waste materials.>°7

The synthesis of CNTs through the laser ablation method has established itself as a well-
established technique. This approach entails laser vaporizing a graphite rod within an oven,
utilizing Co and Ni as catalysts.>® Recognized as a distinct and well-developed synthesis
method for CNTSs, laser ablation has found widespread application in the synthesis of
nanoparticles, especially single-wall carbon nanotubes and Ceo molecules.®® It has proven
instrumental in growing both single and multi-walled carbon nanotubes, catering to diverse

technological applications.5*

In the laser ablation process, a femtosecond laser with varying parameters is employed for the
ablation and patterning of CNT films.®? This method extends its utility to determining the
helicity population in a SWCNT sample.®® Moreover, a novel patterning approach, termed
material-assisted laser ablation (MALA), has been introduced for the precise patterning of
carbon nanotubes and other nanowires, meeting the demands of high-volume production

applications.5

Budln Gas out

SWCNT
deposits

Figure 10. Schematic diagram of an arc discharge system to synthesize CNTs® (with permission).

Comparative studies with other synthesis techniques, such as arc discharge and chemical
vapor deposition (CVD), highlight laser ablation as a commonly employed method for CNT
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synthesis.?® It has been observed that laser ablation, along with arc discharge and thermal
chemical vapor deposition methods, is frequently chosen for CNT synthesis.®” Additionally,
laser ablation has been explored in conjunction with excimer laser irradiation to examine the

surface morphology transformation of carbon nanotube thin films.%

The incorporation of boron impurity atoms into CNTs has demonstrated the ability to modify
their physical, chemical, mechanical, and electrical properties, opening up new possibilities
for diverse applications.®® Additionally, the directed assembly of single-walled carbon
nanotubes onto patterned surfaces showcases their versatility for potential use in sensors,

flexible electronics, and photovoltaics.”

1.2. Functionalization of CNTs

Due to the presence of an abundant quantity of electrons in the = orbitals of carbon atoms,
CNTSs are among very reactive nanomaterials acting like sponges and interacting with most of
the chemical groups in their surroundings.’* Although this behavior of CNTs is the foundation
of the interest in their use in chemical sensing applications’>"4, at the same time it is a
complexing issue. One of the most important parameters of a sensing device is their ability to
distinguish between the analytes.” The term analyte is more general than pollutant and refers
to something to be analyzed and reported or what it is expected from a sensor to respond to.
An analyte could also be environmental parameters i.e. pressure, temperature, sound,

chemicals, etc.

Functionalization is the process of adding a chemical group onto CNTSs that can interact only
with one or limited types of species. Although functionalization is useful for many
applications, the main goal in sensor fabrication is adding selectivity. The functionalization of
carbon nanotubes can be achieved through two major methods: covalent and noncovalent

functionalization that are simplified in Figure 11.
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Figure 11. Simplified schematic of a) covalent and b) noncovalent functionalization.

Covalent functionalization involves the formation of a covalent bond between the nanotube
wall and an external group, leading to the local disruption of the sp? structure and alteration of
the electronic properties of the CNT. Therefore, it has been shown to result in an increased
degree of defects in the structure of carbon nanotubes, as well as the destruction of the

delocalized = electron system of the graphite layers.”

This method has been widely used for attaching various organic or polymeric molecules onto
carbon nanotubes, primarily focusing on dispersion or dissolution properties.”” Additionally,
covalent functionalization has been explored for applications in photovoltaics and biology,
demonstrating its versatility and potential in various fields. For instance, covalent
functionalization of carbon nanotubes with matrix polymers has been shown to be an effective

approach for producing high-quality polymeric carbon nanocomposite materials.’8-82

On the other hand, noncovalent functionalization involves the bonding of external groups to
the graphitic structure of CNTs through extended = orbital systems, such as n-m interactions,

without significantly disrupting the electronic structure of the CNT.”” This method has been
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recognized as a nondestructive process for property engineering of carbon nanostructures.&°

Figure 12 schematically shows the creation of new nanohybrids through this method.

Figure 12. A molecular model of a SWCNT(6,6) noncovalently functionalized by an external group®

(with permission).

Noncovalent functionalization offers advantages such as high solubility of small-diameter
SWCNTs and superior control of the relative placement of functionalities on the nanotube
surface.8! Furthermore, noncovalent functionalization has been utilized to impart water
solubility and chemical functionalities to carbon nanotubes, making them suitable for a wide

range of applications.®?

Through noncovalent functionalization techniques, various types of CNTs can be dispersed in
organic solvents, introducing neutral and ionic functional groups onto their surfaces, and
enhancing adsorption affinity for specific nanotube species with certain surfactants.83# This
approach has played a crucial role in the development of highly specific electronic biosensors,
glucose biosensors, and the immobilization of diverse biological molecules on nanotube

sidewalls.8>86

Noncovalent functionalization of SWCNT sidewalls has been successfully achieved for the

immobilization of diverse biological molecules.®” As shown in Figure 13, another innovative
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method involves noncovalent functionalization through polymerization in micelles, combining

the advantages of both covalent and noncovalent methods without their principal drawbacks.%

: S
s/ . 4 M=H, SWNT-HP IO‘

o2 [ 5 M=Pt SWNT-PP o
H 6 M=2Zn SWNT-ZnP

Figure 13. a) Structure of porphyrins 1-3; b) i) hydroxylamine 50 wt. % in water, Et3N, 2h, RT; ii) O2,
RT overnight; c) schematic representation of the different steps of functionalization: A) the nanotubes
are dispersed and individualized in micelles; B) the porphyrins in an organic solvent are introduced
on the nanotube surfaces; C) after solvent evaporation, the reaction to cross-link the porphyrin is
performed leading to a stable organic shell around the nanotubes; D) the nanotube derivatives are
purified via filtration and extensive washing to remove the surfactants, reagents and unbound

porphryins® (with permission).
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Moreover, noncovalent functionalization can result in enhancing the conductivity of
polymer/SWCNT composites compared to untreated SWCNTS, underscoring its impact on the

electrical characteristics of SWCNT-based materials.8

In optical SWCNT-based devices, noncovalent functionalization proves indispensable, given
that covalent methods risk compromising the intrinsic fluorescence of SWCNTSs, making the
noncovalent route imperative for preserving optical qualities.®® Additionally, the strategic use
of semiconducting oxides in noncovalent functionalization stands out as a sought-after
technique, introducing a synergistic effect for efficient heterostructure charge transfer and

influencing the band structure and doping of SWCNTSs.%!

The conversion of SWCNTs into an air-stable n-type form has been achieved through
noncovalent functionalization using organic nitrogen-containing electron donors such as
polyethyleneimine (PEI) and reduced benzyl viologen (BV).%? Various methods, including
noncovalent modification with organic compounds, have been employed to achieve ammonia
plasma-induced n-type doping of semiconducting carbon nanotube films.®® A study on the n-
type doping of SWCNTs with the reducing agent sodium borohydride (NaBH4) has suggested
the potential for creating simple salt-coordinated n-type nanocarbon materials that are stable in

air.%

Beyond noncovalent functionalization, the literature delves into the influence of doping on the
electronic properties of SWCNTSs. Notably, N-doped pristine SWCNTSs have been suggested
as potential candidates for sensing the presence of formaldehyde.®® Furthermore, the
controlled formation of carbon nanotube junctions in aqueous solution through linker-induced
assembly has been explored, indicating the possibility of achieving controlled doping through

specific assembly methods.%
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1.3. Characterization of noncovalent functionalized CNTSs

Characterization of functionalization is an important part of this project and is a necessary step
toward the development of sensors. In this project, a combination of different microscopic and
spectroscopic methods was used to characterize the efficient functionalization method, and

compare different methods.

In this section, Raman spectroscopy and Transmission Electron Microscopy (TEM)will be
discussed as tools to characterize the physics an d chemistry of noncovalent functionalization
of CNTs.

Composite materials resulting from noncovalent functionalization have been studied using
different characterization methods.*”~% Spectroscopic and microscopic methods are important
in comprehensively characterizing the noncovalent functionalization of carbon nanotubes,

providing essential insights into the structural and chemical changes inherent in the process.

1.3.1. Raman spectroscopy to study noncovalent functionalization

Raman spectroscopy has been widely used as a powerful and nondestructive technique for
characterizing the structural properties and local environment of CNTs.1% The Raman spectra
of CNTs are affected by noncovalent functionalization, leading to changes in various bands
such as the radial breathing mode (RBM), tangential mode (G-band), and disordered mode (D-
band).1! These changes are attributed to the chemical oxidation of CNTs and the introduction

of functional groups on the CNTs' surface.1%2

Raman spectroscopy has been employed to validate the surface integrity of CNTs after
noncovalent functionalization. In Figure 14, a higher D/G ratio indicates increased surface
defects or sp® hybridized carbon. Carbon fibers typically exhibit high D/G ratios due to
numerous sp? sites on their surface. Spectral traces for carbon-fiber microelectrodes (CFMES),
CNT-P, and CNT-F electrodes showed variations in the average D/G ratio. While CFME and
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CNT-F exhibited similar degrees of defect sites. CNT-P electrodes displayed a higher degree
of sp? hybridization compared to CFME and CNT-F, attributed to their few-walled nature.
Raman analysis of unpolished CNT-P electrodes validated that the polishing procedure did not
significantly alter the surface. Additionally, a G’ peak observed at 2800 cm™! for CNT fibers
represents graphene or graphite layers, but its correlation to disorder degree is not
straightforward.!3

A. CFME B. CNT-pristine C. CNT-functionalized
2000 3000+ 15000
1500 O ¢
£ £2000- £10000-
31000- 3 3
O 500- S 1000 S 50004
0 T T T 0- T 0 T T T
1000 2000 30001 1000 2000 3(.’!001 1000 2000 3'.')(.'!01
Raman Shift/cm’ Raman Shift/ecm’ Raman Shift/cm’

Figure 14. Raman spectra of (A) Carbon-fiber microelectrode, (B) CNT-P, and (C) CNT-F

electrodes®®® (with permission).

The use of Raman spectroscopy in characterizing noncovalent functionalization of CNTs is
further supported by its ability to provide information regarding the microstructure of carbon-
based materials without destructing the sample.l% This technique has also been utilized to
detect any charge transfer between CNTs and other materials, such as silver nanoparticles,
indicating its effectiveness in studying the electronic properties of CNTs after
functionalization.® Furthermore, Raman spectroscopy has been employed to study the
interfacial properties between CNTs and polymer matrices, demonstrating its significance in
characterizing the interactions between CNTs and different materials, as Figure 15 illustrates

the impact of different applied strains on the positioning of the 2D band.®
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Moreover, Raman spectroscopy has been used to evaluate the crystalline property of CNTs
and to estimate the load-bearing capability and microstructural changes of macroscopic-scale
CNT architectures during tensile deformation, highlighting its role in assessing the mechanical
properties of functionalized CNTs.'%” Raman spectroscopy has also been employed to
characterize the distribution of CNTs in polymer composites, providing valuable insights into

the homogeneity and dispersion of CNTs within the composite materials.%
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Figure 15. Typical 2D-band Raman spectra of a strained CNT film and fiber. (a) Comparison of the
Raman spectra for unstrained and max-strained film and fiber. (b) Raman shift of the 2D band as a

function of applied strain.%

As shown in Figure 16.a, using 2D spectral imaging helped find large clumps of CNTs for
detailed study later on. Raman line scans were conducted, starting from these clumps and
moving into the area where the CNTs were spread out, to study the border region. Figure 16.b
shows one of these scans, with a set of Raman spectra spaced out in sequence. A piezo

scanner was utilized to move in steps of 1 um, ensuring accuracy during the examination.
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Figure 16. Raman spectral map of CNT-PMMA composite (a)indicating CNT aggregates (bright

spots). The blue arrow denotes direction of the spectral line scan (b) starting in the aggregate and

ending in the dispersed area. Each spectrum in (b) corresponds to one step scan of 1 mm. Spectra
were collected at 1.96 eV photon excitation energy.1%

1.3.2. Transmission Electron Microscopy (TEM)

Transmission Electron Microscopy (TEM) is a powerful tool for characterizing the
noncovalent functionalization of CNTs. Cryogenic TEM is particularly useful for determining
the morphology of dilute phases of CNT-laden fluids.’®® TEM can be used to characterize
conducting composites based on CNTs and discuss the role of noncovalent functionalization
on their properties.!’® TEM images reveal the dispersion of silicon nanoparticles inside the
hollow core of CNTs, demonstrating its capability to visualize the internal structure of CNT
composites.*'! Furthermore, TEM has been employed to visualize single CNTs inside cells
and investigate the CNT-cell interaction over time.112

Moreover, TEM has been used to measure CNT diameter and length, showing its
effectiveness in studying CNT length distribution.’*®* TEM has been utilized to image CNTs
after noncovalent functionalization for siRNA delivery, demonstrating its applicability in
visualizing functionalized CNTs.14
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TEM has also been used to investigate the interface between CNT arrays and catalyst/support
layers, providing new insights into CNT forest growth!*® as shown in Figure 17.
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Figure 17. TEM images of the membrane samples after growing CNT forests for (a) 3 min, (b) 3.5 min,
(c) 5 min, and (d) 10 min at 740 °C. (Note: each image has a different scale bar)'!® (with permission).

1.4. Sensors based on CNTs

Sensors, essential devices for detecting and responding to specific inputs from the physical

environment, are composed of three primary components: the receptor, the transducer, and the
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signal processor. The receptor's role is to identify the stimulus, as seen in chemical sensors,

where it recognizes chemical compounds.'® The transducer converts the detected stimulus

into an electrical signal, facilitating further processing and analysis.

CNTs have been used in the creation of diverse sensor types, including strain, gas, humidity,
ionization, temperature, and biosensors. These sensors have consistently exhibited remarkable
capabilities, including high sensitivity, flexibility, and multifunctionality.!*"-12% Leveraging the
high surface area of CNTs facilitates efficient adsorption of gas molecules, resulting in
heightened sensitivity and selectivity in gas sensing applications.*?* Moreover, the integration
of CNT-based sensors into flexible and stretchable substrates has enabled the creation of
wearable and conformable sensor devices, particularly for characterizing human joints and

detecting motion.12126

CNTs are also well-suited for piezoresistive strain sensors, where they demonstrate both high
sensitivity and resistance to hysteresis under cyclic loading.*?¢*?” Furthermore, exploration of
CNT-based sensors has extended to potential biomedical applications, including

neurotransmitter detection and characterization of human joint motion.1?212

Despite their numerous advantages, challenges confront CNT-based sensors. A notable
limitation is the presence of flicker noise, which can impact the resolution of these
sensors.12812° Endeavors have been undertaken to alleviate this noise and enhance the overall
performance of CNT-based sensor systems.'?® Additionally, the integration of CNT-based
sensors with conventional microelectronics has presented challenges due to unpredictable

device characteristics, impeding their reliable and widespread deployment.!?2

In this section two transduction mechanisms will be discussed in more details due to their
relevance to the goal of this project. Electrochemical transduction is utilized in different
benchmark sensors and the research on CNT-based electrochemical sensor for detection of
water analytes is advanced. On the other hand, due to some limitation in the preparation, cost,
and remote applications of electrochemical sensors, electrical transduction becomes more

interesting and is the focus of the last chapter of this work.
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1.4.1. Electrical transduction sensors

There are a variety of electrical sensors designed for diverse applications, each employing
electrical or electronic principles to convert physical stimuli into understandable signals.
Among these sensors are electrochemical sensors, chemiresistive sensors, field-effect
transistors, piezoresistive sensors, capacitive sensors, piezoelectric sensors, and several

specialized variants.

Piezoresistive sensors operate by translating changes in resistance resulting from external
pressure into an electrical signal.** Widely used in pressure sensing applications, they boast

high sensitivity and rapid response times.

Capacitive sensors, on the other hand, detect and measure physical quantities like pressure,
humidity, and fluid levels through alterations in capacitance. Renowned for their high
resolution and low power consumption, capacitive sensors serve a broad range of functions.
Piezoelectric sensors generate an electrical charge when subjected to mechanical stress,
making them ideal for monitoring vibrations and acceleration.®*® There are also strain sensors
utilizing CNTs and Bucky paper, showcasing isotropic and anisotropic electrical behaviors,
respectively.’3! These sensors are invaluable for measuring mechanical deformation and

conducting structural health monitoring.

Due to their importance in the development of sensors for environmental and health-related
analysis, three types of electrical sensors will be explained, highlighting their working
function and different use cases. These sensor types are electrochemical sensors, field-effect

transistors, and chemiresistive sensors.

1.4.1.1. Electrochemical sensors

CNT-based electrochemical sensors offer various transduction options, including

electrochemical, resistive, field-effect-based, and electromechanical, making them versatile
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for monitoring a wide range of chemicals in water. When modified with inorganic
nanomaterials, CNTs have been extensively studied for their application in electrochemical
sensors.!3? These sensors are based on the principle of electrochemical transduction, where the
interaction between the analyte and the modified CNTs leads to a measurable electrical signal.
The functionalization of CNTs with various transduction materials has enabled the

development of both nonaligned and aligned CNT electrodes for electrochemical sensors.!3

The applications of CNT-based electrochemical sensors extend to the analysis of biological
substances and drugs, as well as the construction of enzyme-based electrochemical
biosensors.'3* These sensors have also been explored for their potential use in wearable or
implantable biomedical sensor applications due to the excellent mechanical flexibility and
biocompatibility of CNTs.13 Functionalization of CNTs provides control over their surface
reactivity, dispersion, and active sites, which is crucial for efficient electrochemical redox

response in sensors.'3¢

CNT-based electrochemical sensors have been employed for the detection of various
compounds, including glucose, phenolic compounds, and toxic chemicals, showcasing their
high sensitivity, stability, and cost-effectiveness.'*"1*° The modification of electrodes with
CNTs has been shown to enhance the electrocatalytic activity, enabling the simultaneous
determination of multiple analytes.'*® Additionally, the fabrication of inexpensive and flexible
electronic and electrochemical sensors using CNTs is in high demand for a wide range of

biochemical and biomedical applications.4

As Figure 18 shows, a composite structure, comprising Cu nanoparticles (NPs) deposited onto
carbon nanotubes and modified with ferrocene-branched chitosan, was developed to create a
nonenzymatic electrochemical glucose biosensor (Fc-CHIT/CNT@Cu). The composition,
morphology, and structure of the carbon nanohybrids were characterized using various
techniques. Electrochemical impedance spectroscopy (EIS), cyclic voltammetry (CV), and
chronoamperometry methods were employed to evaluate the biosensing properties of glucose.
The electrode exhibited significant glucose sensitivity, with a wide linear detection range (0.2
mM to 22 mM), low detection limit (13.52 uM), and high sensitivity (1.256 pA mM'cm2),
attributed to the synergistic effect of Cu NPs and ferrocene. Additionally, the modified

49



% <
‘pg eP

51\1{1?.
/ =
® 3pod

Institut Polytechnique de Paris

electrode demonstrated long-term stability and selectivity in the presence of interfering

substances. The electrode's low cost and robust performance suggest its potential for practical
application in non-enzymatic electrochemical glucose detection.
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Figure 18. The working mechanism of a CNT-based electrochemical sensor'#? (with permission).

The exceptional material properties of CNTSs, such as unique electrical/thermal conductivity,
biocompatibility, and high quenching efficiency, make them well-suited for both
electrical/electrochemical and optical sensors/biosensors.1*> CNTs have also been widely used

in electrochemical sensors and thermocells due to their excellent electrochemical, mechanical,
chemical, electrical, and thermal properties.!44
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1.4.1.2. Field Effect Transistor (FET)

A field-effect transistor (FET) is an electronic device comprising a semiconducting layer,
known as the channel, that connects a source and a drain electrode. A simplified schematic of
FETs is illustrated in Figure 19Erreur ! Source du renvoi introuvable.. The density of
electronic carriers flowing between the source and drain electrodes is controlled by the
potential of a third electrode, the gate electrode, insulated from the active layer by a dielectric

material.

CNTs resist

Figure 19. Simplified topology of a FET (CNT ChemFET) showcasing a bottom gate structure.4

When this setup is used for chemical sensing, it's termed a chemical FET (chemFET), where
the conduction characteristics are influenced by the presence and concentration of surrounding
electrolytes. While the semiconducting channel is typically the primary chemically sensitive
layer, the electrodes and dielectric layer can also contribute to sensitivity. In electrolyte-gated

chemFETSs, the target liquid itself acts as the gate and dielectric layer.

ChemFETs detect chemicals through short-range interactions between the analyte and the
active layer.'#® However, chemFETs offer a broader range of parameters for analysis,
including current, resistance, transconductance, threshold voltage, and hysteresis during gate
voltage sweeps. This makes chemFETs more sensitive and selective than chemistors but also

necessitates a more complex fabrication procedure and operating electronics.4/:148

CNT-FETs utilize a CNT layer as the channel, with SWCNTs preferred for their

semiconducting properties. SWCNTSs may require pre-processing or post-processing to ensure
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semiconductor behavior.!#® CNT-FET channels can consist of a single SWCNT or a network
of them. While single SWCNT devices offer remarkable electrical performance, random
networks of SWCNTSs are favored for sensing applications due to their larger sensing area,

simpler fabrication, and better scalability, despite slightly inferior electrical performance.'*

There are four architectures for CNT-FET chemical sensors: top gate, bottom gate, liquid gate,
and hybrid structures. Bottom gate structures require high gate voltages leading to water
hydrolysis in water quality monitoring applications. Top gate structures, although requiring
lower operating gate voltages, are less common due to insulation of the sensitive channel.
Liquid gate structures, applying the gate voltage through surrounding electrolyte, offer lower-
voltage operation and simplified fabrication. Hybrid structures combine various gating
strategies for enhanced performance. Dielectric materials like SiO., Al>O3, or SisN4 are
commonly used between the semiconducting channel and the substrate or gate electrode, with

different materials offering trade-offs in thickness, homogeneity, and durability.

1.4.1.3. Chemiresistive sensor

A resistor functions based on the Ohm's Law, where V = I*R, V being the voltage across the
conductor in volts (v), | being the current flowing through the conductor in amperes (A), and

R being the resistance of the conductor in ohms ().

In a resistive sensor, a conductive material fills the space between two electrodes to create a
full circuit. The resistance of the sensor changes when a change to the properties of the
material happens. If the changes have a chemical nature (exchange of electrons and energy),

the resistive sensor is called a chemiresistive sensor or a chemistor.

The unique electrical conductivity and one-dimensional structure of CNTs make them ideal
for constructing chemiresistive sensors with rapid response times and exceptional performance
in different sensing applications.®®* Figure 20 shows the simplified structure of a

chemiresistive sensor based on CNT. The random network of CNTs act as a conductor with a
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specific resistance. If a chemical interaction happens between the CNT network and analytes
in the environment, the resistance of the network changes, and therefore, the measured current

changes proportionally, according to the Ohm’s Law.

Voltage

Source

Figure 20. Schematic of a chemiresistive sensor based on CNT.

CNT-based chemiresistive sensors are valued for their ease of fabrication, compact size, and
remarkable sensitivity, rendering them adept at detecting a wide array of analytes.!®?
Chemiresistive sensor arrays employing SWCNTs functionalized with metalloporphyrins
complexes have exhibited interesting performance in volatile organic compounds and amine
detection.®®31>* Moreover, chemiresistive sensors leveraging CNTs have proven effective in
detecting nerve agents, glucose, and a variety of toxic gases.?>>1*” CNTs have been employed
in the detection of specific analytes such as methane, ammonia, and hydrogen peroxide as
well 158160 Additionally, integrating CNTs with other materials like metal oxides and
polymers has led to the development of hybrid sensors with heightened sensitivity and

selectivity.161:162

CNT-based chemiresistive sensors offer numerous advantages, including high sensitivity, low
detection limits, and the ability to integrate multisensory arrays for simultaneous detection of
multiple analytes.'®® They have also been instrumental in the creation of wireless and wearable

devices for real-time monitoring of hazardous gases and environmental pollutants.!6*
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In addition to their sensing capabilities, research has focused on optimizing the electrode
structures of CNT-based chemiresistive sensors to enhance sensitivity and gas sensing
performance.’®® Furthermore, exploring the functionalization of CNTs with specific molecules
and polymers has been instrumental in tailoring their sensing properties for the detection of

target analytes such as hydrogen peroxide and toxic chemicals. 160166

1.5. Drinking water analytes and sensors

1.5.1. Drinking water analytes

Chemical contaminants, including heavy metals, pesticides, and organic compounds are the
most dominant water pollutants. They can originate from industrial activities, agricultural
practices, and urban runoff.1®” Nutrients such as nitrogen and phosphorus are other common
nonpoint source pollutants that can lead to eutrophication and harmful algal blooms in water
bodies.'®® Furthermore, microbial pollutants, including bacteria and pathogens from sewage

and agricultural runoff, pose significant risks to water quality and human health.°

Measuring the pH and the level of dissolved oxygen in water is crucial for assessing water
quality and understanding the health of aquatic ecosystems. Dissolved oxygen is a critical
parameter that serves as an indicator of water quality and is essential for the survival of
aquatic organisms. The concentration of dissolved oxygen directly impacts the metabolic
processes of aquatic organisms and is a key factor in the self-purification capacity of water
bodies.t’® It is of great significance in various fields such as industrial production,
environmental monitoring, aquaculture, and food production.t’* Additionally, the
measurement of dissolved oxygen is a primary parameter in pollution studies and is used to

assess the strength of pollutants in natural and waste waters.*"?

Furthermore, the pH of water is a fundamental parameter that influences chemical and
biological processes in aquatic environments. It is an important factor in determining the

suitability of water for various uses, including drinking water, irrigation, and industrial
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processes.!’”® The pH level affects the solubility of nutrients and heavy metals, as well as the
biological availability of various chemical species in water.*”* Moreover, pH is a critical factor
in the growth and survival of aquatic organisms, as it can impact their physiological functions

and overall health.1”®

Table 1 summarizes the common drinking water analytes that require constant monitoring. In
this table the Maximum Acceptable Concentration (MAC) of each analyte based on the
regulations from Canadian government, US government, European union, and the World

Health Organization (WHO) is presented.

Table 1. Critical chemical parameters in qualifying drinking water.®

Maximum acceptable concentration (MAC)

Parameter Canada USA Europe WHO

pH Range 7~10.5 Range 6.5~8.5 Range 6.5~9.5 | Range 6.5~8.5

Water hardness & Micronutrients

Boron 5 ppm - 1 ppm 500 ppb
Cadmium 5 ppb 5 ppb 5 ppb 3 ppb
Copper 1 ppm 1.3 ppm 2 ppm 2 ppm
Iron 300 ppb 300 ppb 200 ppb -
Manganese 50 ppb 50 ppb 50 ppb 400 ppb
Zinc 5 ppm 5 ppm - -

Disinfectants & Chlorine

Chloramines 3 ppm 4 ppm - 3 ppm
Free chlorine - 4 ppm - 0.5~5 ppm
Chlorine dioxide - 800 ppb - -

55



LY T
<0 Ec';g.

t
°
c
m

51\TUT °

‘pg e?

»  Institut Polytechnique de Paris

Chlorate

1 ppm 1 ppm - 700 ppb
Chloride 250 ppm 250 ppm 250 ppm -
Chlorite 1 ppm 1 ppm - 700 ppb
Nitrogen
Ammonia/ammonium - - 500 ppb -
Nitrate 45 ppm 45 ppm 50 ppm 50 ppm
Nitrite 3 ppm 3 ppm 500 ppb 3 ppm
Sulfur
Sulfate 500 ppm 250 ppm 250 ppm -
Sulfide 50 ppb - - -
Heavy metals, other contaminants
Aluminum 200 ppb 200 ppb 200 ppb -
Antimony 6 ppb 6 ppb 5 ppb 20 ppb
Arsenic 10 ppb 10 ppb 10 ppb 10 ppb
Barium 1 ppm 2 ppm - 700 ppb
Berylium - 4 ppb - -
Bromate 10 ppb 10 ppb 10 ppb 10 ppb
Chromium 50 ppb 100 ppb 50 ppb 50 ppb
Cyanide 200 ppb 200 ppb 50 ppb 70 ppb
Fluoride 1.5 ppm 4 ppm 1.5 ppm 1.5 ppm
Lead 10 ppb 15 ppb 10 ppb 10 ppb
Mercury 1 ppb 2 ppb 1 ppb 1 ppb
Molybdenum - - - 70 ppb
Nickel - - 20 ppb 20 ppb
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Selenium 50 ppb 50 ppb 10 ppb 10 ppb
Silver - 100 ppb - -
Thallium - 2 ppb - -
Uranium 20 ppb - - 15 ppb
Small organic molecules
Acrylamide - - 0.1 ppb 0.5 ppb
Benzene 5 ppb 5 ppb 1 ppb 10 ppb
Benzo(a)pyrene 0.04 ppb 0.2 ppb 0.01 ppb 0.7 ppb
Formaldehyde - - - 900 ppb
Styrene - 100 ppb - 20 ppb
Toluene 60 ppb 1 ppm - 700 ppb
Xylenes 90 ppb 10 ppm - 500 ppb
Halogenated organic molecules
Carbon tetrachloride 2 ppb 5 ppb - 4 ppb
Chlorobenzene - 100 ppb - -
1,2-Dichlorobenzene 200 ppb 600 ppb - 1 ppm
1,4-Dichlorobenzene 5 ppb 75 ppb - 300 ppm
1,2-Dichloroetane 5 ppb 5 ppb 3 ppb 30 ppb
Haloacetic acids 80 ppb 60 ppb - -
Tetrachlorophenol 10 ppb 5 ppb 10 ppb 40 ppb
Trihalomethanes 100 ppb 80 ppb 100 ppb -
Vinyl chloride 2 ppb 2 ppb 0.5 ppb 0.3 ppb
Polycyclic
- - 0.1 ppb -

aromatichydrocarbons
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Pesticides
Pesticides (total) - - 0.5 ppb -
Altrazine 5 ppb 3 ppm 0.1 ppb 100 ppb
Carbaryl 90 ppb - 0.1 ppb -
Carbofuran 90 ppb 40 ppm 0.1 ppb 7 ppb
Chlorpyrifos 90 ppb - 0.1 ppb 30 ppb
DDT - - 0.1 ppb 1 ppb
Glyphosate 280 ppb 700 ppb 0.1 ppb -
Picloram 190 ppb 500 ppb 0.1 ppb -
Simazine 10 ppb 4 ppb 0.1 ppb 2 ppb
Triafluralin 45 ppb - 0.1 ppb 20 ppb

1.5.2. Sensing devices design and preparation

Efforts to address water pollution encompass various approaches, including regulatory
measures, technological interventions, and sustainable land management practices. For
instance, the implementation of water quality standards and pollution control measures is
essential for reducing the discharge of contaminants into water bodies.2’® In this final section,
first the use of inkjet printing in depositing CNT thin films will be discussed, since it is the

primary deposition method for the preparation of sensing devices, and later the most recent

CNT-based sensors used for the purpose of water quality analysis will be discussed.
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1.5.2.1. Inkjet Printing

Inkjet printing has emerged as a versatile and efficient technology for various applications,
particularly in the fields of electronics, biosensing, and materials science. This method
involves the precise deposition of ink droplets onto a substrate, allowing for the creation of
intricate patterns and structures with minimal waste. The advantages of inkjet printing include
its cost-effectiveness, scalability, and ability to handle a wide range of materials, including
conductive inks, polymers, and biological substances.'’”'1”® The technology has been widely
adopted for the production of printed electronics, such as sensors, antennas, and circuit boards,

due to its capacity for high-resolution patterning and rapid prototyping.'9-18!

The ability to print nanoscale materials enables the fabrication of devices with enhanced
functionalities and performance. For instance, the integration of CNTs into inkjet printing
processes has been explored in the review from Tortorich and Choi.'®? The use of inkjet
printing allows for the controlled deposition of CNTs, facilitating the creation of thin films

that can be tailored for specific applications in nanoelectronics and beyond.'83

One of the primary benefits of inkjet printing CNTs is its ability to produce conductive
patterns with low sheet resistance. For instance, demonstrated that inkjet-printed SWCNT
electrodes achieved a remarkably low sheet resistance of 132 Q/o, which is critical for
applications in electrochemical sensors. This low resistance is essential for enhancing the
performance of devices, as it allows for efficient charge transport. Additionally, the stability of
the printed films over time, provided they are not mechanically damaged, further underscores

the reliability of this printing technique.'8

The formulation of CNT inks is crucial for successful inkjet printing. highlighted the use of
ortho-dichlorobenzene as a solvent for redispersing CNTs, which facilitates the creation of
high-performance FETs.'8 Deposition density is an important factor that controls different
properties of devices based on CNTSs, particularly in the case of chemiresistive devices, where
the resistance of the device (directly controlled by the CNT thin film density) can be tuned by
the number of printing passes. Figure 21 shows images of CNT depositions prepared by

different printing passes. The number of CNT connections increase with more printing passes
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illustrating the capabilities of inkjet printing in controlling electrical properties of CNT

depositions.

Figure 21. Topography maps of the SWCNTs networks obtained by c) one, d) three, and €) ten

printing passes. Scale bars are 500 nm.*8°

The choice of solvent impacts the viscosity and stability of the ink, which are critical
parameters for achieving uniform deposition during printing. Moreover, the incorporation of
surfactants can enhance the dispersion of CNTs in the ink, preventing issues such as nozzle

blockage and ensuring consistent print quality.*e®

Inkjet printing also allows for the fabrication of complex structures and devices. For example,
Zhao et al. developed a strain distribution sensor using inkjet-printed CNTs, demonstrating the
versatility of this technique in creating functional sensors for real-time monitoring
applications.'®’ The ability to print on various substrates, including flexible materials, expands
the potential applications of CNT-based devices in wearable technology and other innovative
fields.'® Figure 22 shows a use case of inkjet printing in preparing complex devices, for the

specific case of strain sensors.
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Figure 22. (a) An inkjet-printed flexible strain sensor. (b) An illustration of the tensile test coupon
with applications of a strain gauge rosette and the CNT thin film. (c) The tensile test setup.®” (With

permission).

Furthermore, the integration of CNTs into supercapacitors has been explored extensively.
reported on the successful inkjet printing of SWCNT/RuO2 nanowire supercapacitors on
flexible substrates, showcasing the potential for energy storage applications.!®® The ability to
print these materials directly onto cloth fabrics and other flexible substrates highlights the
adaptability of inkjet printing for energy devices that require flexibility and lightweight

characteristics.

Figure 23 illustrates the process and characteristics of inkjet-printed SWCNT films on various
substrates, such as cloth fabric and PET. It highlights how multiple layers of SWNT ink form
dense, tangled networks on these surfaces, which can be used to create thin-film electrodes for
supercapacitors without further treatment. The figure also emphasizes the trade-off between
electrical conductivity and optical transparency with increased film thickness, showcasing the
versatility and potential of this method for fabricating wearable electronics and other

applications.
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Figure 23. (a), (b), and (c) SEM images of a cloth fabric with inkjet-printed SWNT films. (d)
Schematic diagram of an inkjet-printed SWCNT supercapacitor using PVA/H3PO4 as solid
electrolyte and separator. The inset shows a supercapacitor made of SWNT/cloth fabric electrodes
rolled around a pencil. (¢) Photograph of a PET substrate with nanotube films printed with different
geometries and print numbers. The features on the background picture are clearly visible. (f) SEM
image of inkjet-printed SWNT films on a PET substrate and a photograph of a supercapacitor built
with SWNT/PET electrodes. (g) Variation of conductance and transmittance of printed SWNT films on

PET substrates as a function of film thickness

62



,.‘,D‘-YTE'C-&
® +

®:
,; Institut Polytechnique de Paris

<
og oP

<\TUT

S

In summary, inkjet printing of CNTs presents a promising avenue for the development of
advanced electronic devices, sensors, and energy storage systems. The technique's ability to
produce low-resistance conductive patterns, combined with the flexibility of substrate choices
and the potential for complex device fabrication, positions it as a key method in the field of

printed electronics.

1.5.2.2. State of the art on CNT-based chemiresistive sensors for water

guality analysis

Chemiresistive sensors are used for the detection of analytes in water and the analysis of
drinking water quality continuously monitoring the quality of drinking water, particularly in
terms of heavy metals, toxic substances, and microbial contamination.®® The assessment and
monitoring of drinking water quality are essential to identify and address water quality issues

promptly.t9t

In their interesting work, Liao et al. synthesized composite nanofibers comprising SWCNTSs
and polyaniline, with an initiator, offer highly tunable conductivities (10 to 102 S/cm) at up
to 5.0wt % SWCNT loadings. Chemiresistive sensors made from these nanofibers, particularly
those with 1.0 wt % SWCNT loading, exhibit faster responses to low concentrations (100 ppb)
of HCI and NHs vapors compared to pure polyaniline nanofibers (120s vs 1000s). These
SWCNT/polyaniline composite nanostructures show promise for use in low-cost disposable

sensors and electrodes due to their adjustable conductivities.%?

Darestani-Farahani et al. proposed the use of a lead-selective membrane integrated with a
chemiresistive device for continuous, real-time monitoring of Pb?* ion concentrations (Figure
24). The detection limit was enhanced by stabilizing the resistive film surface along with
optimizing the sensor geometry to maximize the effective surface area. The detection
mechanism of their chemiresistive device relies on the complexation of Pb?* ions by lead
ionophores within the membrane, which in turn modulates the interactions between the

ionophores and the chemiresistive film. The fabricated devices demonstrated a reliable
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detection limit below 2 ug/L, with concentrations extending up to 3 mg/L across multiple
measurement cycles. These chemiresistive sensors were able to achieve lower detection limits
compared to potentiometric devices, while also being more robust and easier to fabricate due
to the absence of a reference electrode. Consequently, ion-selective membrane-covered
chemiresistors offer a viable solution for the continuous monitoring of drinking water sources,

enabling the real-time detection of harmful lead levels.'®3

(a) = (b) (c) (f)
[===11 == ] =
CNT Functionalization membrane

e A ¥

-

Front view Back view

Figure 24. Sensor fabrication process. (a) Front and back views of three screen-printed contacts and
copper tape connections, (b) air brushing CNT on the frosted part of the glass slide and SEM image of
the resulting CNT film, (c) functionalizing the CNT film with 0.1 M of NaOH-15-crown-5 ether
solution and SEM image of the resulting n-doped CNT film, (d) curing the sensor at 85 °C, (e)
applying pre-cut clear PET sheet to cover the contacts and have specific openings, (f) drop-casting
ISM solution into the openings and drying for 12 hours.
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Using Aerosol jet printing, Gou et al. fabricated a low-cost, flexible CNT pH sensor the
schematic procedure of which is shown in Figure 25. The chemiresistive sensor features a
CNT-based miniaturized serpentine sensing element atop silver electrodes, with trace width
accurately controlled. Parameters are optimized for high-resolution printing (20 um). The
sensor exhibits good sensitivity (up to 59 kQ/pH), repeatability (<1.15% coefficient of

variance), and excellent biocompatibility for live cell applications.®*

1. Printing of silver electrode 2. Printing of CNT sensing element

A N
SR
0

4. Fixing connecting wires 3. Sintering of silver electrode

(a)

Line width: 50 um

Cross sectional
area of the
beam, A,

l Exit velocity, V,

Stage velocity, V, Printed line trace
—l

|

Figure 25. Schematic diagrams showing the (a) complete fabrication process of CNT based sensor,
wherein 1) a silver electrode is printed first using aerosol jet technology, 2) CNT sensing element is
printed, 3) thermal sintering process is carried out for the printed inks and 4) external wires are
connected for measurements. Diagram depicting (b) parameters affecting the aerosol jet printing

process and (c) dimensions of the fabricated sensor*® (with permission).

Jeon et al. fabricated high-performance flexible pH sensors, from SWCNTs and Nafion, via

screen printing on flexible substrates (Figure 26). The sensors monitor pH changes from 1 to
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12 by measuring resistance in printed nanocomposite films. Operational stability remains after
200 bending cycles, crucial for wearable electronics integration. Sensing mechanism involves
chemical reactions with hydrogen or hydroxide ions. Integration with a drone-based system

enables real-time data visualization and remote target detection on smartphones.!%
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Figure 26. (a) Schematic process flow of the flexible pH sensor based on nanocomposites of SWCNTs
and Nafion having three channels, fabricated by a screen printing process in ambient air, (b)
chemical structure of Nafion, and (c) an optical image of the flexible 1% (with permission).

Ali Akbar et al. presented an effective method to identify and quantify multiple disinfectants
(specifically free chlorine and potassium permanganate) in water using SWCNT-based
reagent-free chemiresistive sensing arrays. The sensing array included both functionalized and
pristine SWCNT sensors to differentiate between the disinfectants. Pristine and functionalized
sensors exhibit different response mechanisms, resulting in responses that depend on both
concentration and pH. They revealed excellent separation of the analytes across five pH levels
(5.5, 6.5, 7.5, 8.5, and 9.5), as well as high separability and predictability, with a Q? of 94.26%
and an R? of 95.67% for the five pH ranges of the two analytes. This proof-of-concept solid-

state chemiresistive sensing array can be adapted for specific disinfectants commonly used in
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water treatment plants and deployed in water distribution and monitoring systems.'®® The

schematic of the sensor and the characterization is shown in Figure 27
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Figure 27. (a) Schematic of sensor geometry; the inset shows a SEM image of the CNT film. (b)
Recorded sensor response as current (nA) over time for the different steps of the measurement.
Solvent and molecule solution induces n-doping on the surface, while the oxidant (free chlorine)
results in p-doping behavior. When exposed to ascorbic acid, the sensor showed a reset in the

response due to analytes getting reduced by ascorbic acid.®

Heavy metal pollution poses a significant health risk to living organisms, prompting extensive
research into their detection. In their study, Martinez Jimenez et al. developed a sensor
platform for the selective detection of lead(ll) acetate. The sensor utilizes self-assembled
polyethyleneimine-functionalized carbon nanotubes (PEI-CNTs) and graphene oxide films
deposited onto gold interdigitated electrodes. The graphene-based nanostructure exhibited

resistive behavior, and the layer-by-layer fabricated film was employed to detect Pb?* acetate
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in aqueous solutions using three electrochemical techniques: impedance spectroscopy,
amperometry, and potentiometric stripping analysis. Across these methods, the sensor
demonstrated a detection limit as low as 36 pmol/L and a sensitivity of up to 4.3 pA.L/umol,
along with excellent repeatability. The detection mechanism is attributed to the high affinity of
heavy metal ions for the functional groups in the PEI-CNTs and graphene oxide, which
facilitates high performance and sensitivity. These findings are crucial for advancing

integrated monitoring and sensing platforms for Pb?* contamination in drinking water.

1.6. Conclusion on the state of the art and project objectives

In this first chapter, the state of the art on the topics of carbon nanotubes, functionalization of
carbon nanotubes, and sensors based on carbon nanotubes were discussed. Based on the
information of this chapter, and the general objective of the project (developing sensors for

water quality analysis) the following conclusions could be listed:

- The electronic properties of CNTs can be exploited to create electronic devices with
simple functionalities. They are interesting in the development of sensors, because of
their chemical interaction with their surroundings.

- Noncovalent functionalization of CNTs is a way to control their interactions, channel
them down to specific desired interactions, and benefit from their electronic properties.

- Sensors have an important role in our lives, and they are necessary for a battle against
ecological changes, among them the distress in drinking water quality. CNT-based
sensors have been developed by different groups to address water quality, among them

chemiresistive sensors, have a simple mechanism and interesting versatility.

However, based on the investigation of the state of the art, the following limitations could be

listed, that are case-specific to this project and its objectives:

- One of the important limitations of CNTSs, is their desire to create bundles. The sp?

hybridization of CNTs (resulting from the extended system of x orbitals) is responsible
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for interaction with the species in their surroundings. Primarily, these strong
interactions result in the creation of CNT aggregates, disarming their properties.

- On the other hand, despite numerous studies on the interest and applications of
noncovalent functionalization of CNTSs, there are limitations in terms of the process
compatibility with simple deposition methods, bypassing the impacts of sonication-
assisted dispersion of CNTs. There is also room for research on the type of conjugated
molecules and their specific interactions with CNTSs.

- Finally, the development of a sensing device based on CNTs need to be specific to the
case of deposition and functionalization methods, and there is a large area for research

on the fabrication devices, specific for the detection of common water analytes.

1.6.1. Objectives of this project

Although, there are approaches to create homogenous and high crystalline depositions of
CNTs, in this work, this issue is targeted by dispersing CNTs in solvents and depositing them
using simple solution-based deposition methods. This method has a high scalability potential
and low cost but can deteriorate the interesting properties of CNTs. The focus of the first
chapter will be to develop processes to maintain the choice of using solution-based deposition

methods, while benefiting from the properties of CNTSs.

In the second chapter, based on the described approaches in the literature, the
functionalization of CNTs with specific molecules will be discussed and characterized. An
essay to optimize the functionalization process will be discussed that is compatible with the

deposition method.

Finally, in the last main chapter, the development of sensors compatible with the deposition
and the functionalization methods will be discussed and the devices functionalized with
specific molecules will be characterized to detect different analytes especially glyphosate as a

danger to the soil and water resources.
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Processing CNTs refers to different steps of experimentation that provides CNTs for a
designated application. As discussed in the previous chapter, CNTs have interesting properties
that theoretically makes them candidates for different domains of application. However, the
widespread application of CNTSs faces practical limitations that present significant challenges.
Although CNT yarns and sheets exhibit promising performance in certain applications, such
as supercapacitors and lightweight electromagnetic shields, their overall mechanical and

electrical properties still fall short for many practical uses.*®

Moreover, the challenges extend to the difficulty of isolating single-chirality nanotube
preparations with desired functionalities, restricting the applications of SWCNTs in
bioimaging and biosensing.'®” The insolubility of carbon nanotubes in most solvents adds
another layer of complexity, posing challenges in their controlled attachment to electric

circuits and impeding their practical use as electrode materials.'%

The closed or capped tips of aligned CNTs prepared by most chemical vapor deposition
(CVD) methods also impose limitations on their potential applications.’®® Additionally,
despite the high aspect ratio, flexibility, and low mass density of CNTs making them attractive
as reinforcing fillers for polymer matrices, achieving uniform dispersion and alignment within

the polymer matrix remains a practical challenge, hindering their effective reinforcement.?%

In the realm of biomedicine, CNTs show promise for biological and biomedical applications
like drug delivery systems and tissue regeneration. However, concerns about their
biocompatibility and potential toxicity limit their practical use in these applications.?%
Furthermore, the unique properties of CNTSs, such as their high Young's modulus and low
density, make them appealing for strain sensing applications. Still, challenges in achieving
large-area application and practical demonstration hinder their widespread use in this

Several factors limit the practical use of CNTs in sensor applications, leading to challenges in

their widespread adoption. A primary constraint stems from the inherent irregularity and
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unpredictability of individual CNT devices, resulting in highly erratic behavior of CNT-based
sensors. This irregularity poses significant challenges in achieving reproducibility and
reliability in sensor performance, impeding their practical applications and

commercialization.2%*

Moreover, for CNT-based sensors to be viable in diverse applications, such as chemical
warfare agent detection and disease diagnostics, their sensitivity, selectivity, and stability are
paramount. However, these sensors face limitations in terms of low sensitivity, restricting
their ability to detect subtle variations like micro-pressure changes.?®® The manufacturing
process itself presents challenges, with the weak binding of CNT arrays to substrates making

them prone to detachment, thereby affecting sensor performance and reliability.2%

Additionally, the integration of CNT-based sensors with conventional microelectronics
encounters fundamental limitations, including unpredictable device characteristics.'??> This
integration challenge further complicates the practical use of CNTs in sensor applications,
especially in achieving seamless compatibility with existing electronic systems. Addressing

these issues is crucial for unlocking the full potential of CNTSs in sensor technologies.

Understanding the limitations of CNTs is important to make suitable choices for each
application. In this chapter, CNTs will be experimented thoroughly to draw a full picture of

their dispersion, deposition, and post deposition treatments.

2.1. CNTs used in this work

Two samples of commercial CNT powder were utilized for the experiments:

- First sample: MWCNT with a purity of 70%, purchased from Sigma Aldrich.
- Second sample: HiPCo SWCNT, with a purity exceeding 95%, average diameter from
0.8 to 1.2 nm, and an average length from 100 to 1000 nm. This sample has a

semiconducting composition of 70% and was purchased from Nanointegris™.
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The experiments were initiated with the utilization of MWCNTSs. However, later, alternation

between MWSNTs and SWCNTs was implemented for comparative purposes.

Compared to SWCNTs, MWCNTs have more surface defects that can impact their sensing
capabilities.?®” It is possible to get more reproducible and meaningful results by using
SWCNTs for functionalization and sensing application. Also, due to their high conductance, it
is difficult to distinguish the changes that are chemically induced on MWCNTSs, because their
stronger conductance could dominate the chemiresistive results.2®® Therefore, more focus will

be on SWCNTSs, keeping the results on MWCNTS as a comparative measure.

As depicted in Figure 28, the main difference between the samples of CNT used in this project
lies in the ratio of D-band peak to G-band peak. While MWCNTSs have an Id/lg larger than 1,
this ratio is smaller than 1 for SWCNTSs. This is related to the fact that MWCNTSs have more layers
and the probability of defects in the crystalline sp? structure is higher which reflects in Raman
spectroscopy.??® Any mechanical and chemical handling of MWCNTSs can cause modification of the
surface, while this effect is weaker in SWCNTs and the surface remains more neutral to the

surrounding.®® This is an interesting property for sensor development.

—MWCNT
—SWCNT

2D

1000 1200 1400 1600 1800 2000 2200 2400 2600 2800 3000
Raman shift (cm?)

Figure 28. Typical Raman of SWCNT and MWCNT used in this project.
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Also, by looking at the 2D band peak, the effect of the number of layers is clear, where a larger and
more narrow 2D peak signifies a lower number of graphitic layers.?!® The other difference between
the two spectra lies in the peak at 2900 cm™, which is related to the presence of amorphous carbon in
the structure.?!* This is more sample specific and shows that the SWCNT sample is purer than the
MWCNT sample.

Looking at Figure 28, a shift in the 2D peak can also be noticed. Doping effects can result in the shift
of the 2D peak in Raman spectra. Studies have shown that shifts in the G and 2D peak positions
indicate n-type doping by metals nanoparticles like NP-Pt, while p-type doping effects have been
linked to edge oxidation.?!2213 |t is important to note that Figure 28 illustrates the Raman spectra of
pure CNT samples as received from the provider and the Raman spectra will be thoroughly studied in

the coming sections after applying different purification processes.

2.2. Dispersion of CNTs

Carbon nanotubes tend to create strong aggregates due the presence strong n-n interactions.?!
Dissociating these aggregates requires a great amount of energy that no solvent can provide.?%
Therefore, preparing a solution of CNTs in known solvents is rather impossible. However,
there are different methods to provide the necessary energy to dissociate bundles of CNT,
among which using ultrasonic waves is the most common.?% In this section details about the
dispersion process of CNTs in solvents will be provided. This procedure will be called ink
preparation, and an ink is a dispersion of CNTs in a solvent. This name comes from the use of
CNT dispersions in the inkjet printing deposition method (will be explained later in this

chapter).

Before ink preparation, in this project, an acidic treatment was applied to the CNTs, which is
an effective way to eliminate the amorphous matter in a bulk of CNT powder. The effects of
various chemical surface treatments on the electro oxidative filter performance of CNTs were

explored by Gao & Vecitis.?!” It was determined that acid treatment proved effective in
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removing internal residual metal oxide and amorphous carbon, resulting in improved filter
performance. A significant reduction in the weight of ash residue, indicating the removal of
impurities and amorphous carbon, was demonstrated by Liu et al.?'8 through acid treatment of
CNTs. Additionally, Rinaldi et al.?'® observed that mild HNOj3 treatment oxidatively removed
amorphous carbon and extensively oxidized the CNT surface, leading to the elimination of
functionalized polyaromatic fragments. The collective findings from these studies endorse the
use of acidic treatment for the elimination of amorphous matter from CNT powder,

emphasizing its effectiveness in enhancing the purity and performance of CNTSs.

The acidic treatment procedure to clean 100 mg of SWCNTs or MWCNTSs in this project is

detailed as the following:

1. Addition of the CNT powder to 150 ml of nitric acid (25% vol),

2. Sonication of the mixture in bath for 30 minutes (uncontrolled temperature),

3. Heating the dispersion at 100°C with water reflux cooling and magnetic agitation for 5
hours,

4. Filtration of the dispersion on a Polytetrafluoroethylene (PTFE) membrane (0.2 pum)

and wash with water until the water is colorless,

Drying the CNT powder on the filter until no solvent is visible,

Recuperation of the solid CNT (with or without the filter),

immersing the solid SWCNT (with or without the filter) in 100 ml of NaOH (2 M),

Sonication in bath for 10 min (uncontrolled temperature),

© ©o N o O

Filtration of the dispersion on a PTFE 0.2 um membrane and wash with water until the

pH of the leaking water is neutral,

10. Recuperation of the solid SWCNT (with or without the filter),

11.immersing the solid SWCNT (with or without the filter) in 100 ml of HCI (1 M),

12. Sonication in bath for 10 min (uncontrolled temperature),

13. Filtration of the dispersion on a PTFE 0.2 um membrane and wash with water until the
pH of the leaking water is neutral,

14.Washing with acetone and ether to eliminate water and detach the CNTs from the

membrane,
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15. Heating the CNT powder at 50°C for one night under vacuum.

2.2.1. Ink preparation.

An important parameter to take into consideration in the ink preparation process is the aging
of an ink. To fabricate homogenous thin films on CNT, it is necessary to have a stable ink

without aggregates.??°

The controlled deposition of large area highly conducting CNT films with high homogeneity
required for applications remains elusive.??! Experimental results suggest a consistent trend
between CNT concentrations and strain sensor sensitivity, indicating the importance of
homogeneity in CNT thin films for sensing applications.??? Additionally, the electrical
resistivity of CNT thin films increases linearly with strain, making them ideal materials for
piezoresistive strain sensors, highlighting the significance of film homogeneity in achieving

reliable sensing performance.?’ Below, the ink preparation steps is described:

Mixing 10 mg of CNT with 30 ml of the solvent,

1-hour tip sonication with alternating pulses of 15s "On” + 15s “Off” (30 min effective),
Balancing the mixture into centrifuge tubes,

Centrifugation for 30 minutes at 10000 xG force,

Collecting the supernatant and balance into new centrifuge tubes,

Centrifugation for 5 hours at 12000 xG force,

N o 0 A~ w D oE

Collecting the supernatant and storage under the name stable CNT ink.

The role of sonication is to provide the energy to dissociate CNT bundles, and centrifugation
is an effective method to sediment larger and more heavy particles at the bottom of the tube.?®
The higher the rotation speed of the centrifugation step, the lighter the CNT colonies

remaining in the dispersion and lower the possibility of CNT ink aging.??*
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2.2.2. Ink concentration estimation

The estimation of CNT ink concentration can be carried out through the precipitation of CNT
ink. The following procedure was applied to determine the concentration of an ink with N-
Methyl-2-pyrrolidone (NMP) as solvent. With a high boiling point (202°C) and a low vapor
pressure (0.345 mmHg), NMP is a highly stable solvent with a very low volatility. These
properties are interesting for the development of inks based on CNTs with long lifetime and

better homogeneity of depositions.

1. Taking 10 ml of the CNT ink in a vial,

2. Magnetic stirring at 100°C for one day until the formation of agglomerates is observed,

3. Drying a glass centrifuge tube at 110°C for 1 h,

4. Measuring the weight of the empty tube,

5. Transferring 2 ml of the heated ink into the tube,

6. Adding 1 ml Ethanol as agglomerating agent to accelerate the precipitation and leave for
1h,

7. Centrifugation at 10000 rpm for 5 h,

8. Collection of the supernatant (NMP + Ethanol) and leave the CNT at the bottom of the
tube,

The process is repeated 4 more times, by adding 2 ml of the ink in the same tube each time to
gather enough CNT, and reduce the error in the weight measurement. Finally, the tube is
heated at 150°C for 2 days to evaporate residual solvent. After drying the tube and the
containing CNT, the weight of the tube is measure. This way, the weight of the gathered CNT
is calculated and by dividing over the initial volume (10 ml in total of 5 repetitions), the

concentration is estimated.
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CNT ink in Stirring at 100°C Addition of After Centrifugation
NMP for one day Ethanol and solvent removal

Figure 29. Procedure of concentration estimation by precipitation.?

This estimation was carried out only once by inspiring from the internship work of Suriya
Venkatesan, using different solvent and different initial quantities. The value obtained as the
estimated concentration is 75 mg/L. In certain cases throughout the next sections and chapters
of this report, a value as the concentration of CNT inks is necessary, where this value (0.075
mg/ml) will be used. This estimation is only valid under the specified initial conditions (10 mg
SWCNT + 30 ml NMP).

It is important to note that this value is an estimation, subject to variation due to different
parameters, such as the positioning of initial CNT bundles to the sonication tip or minor
variations in tube weight during centrifugation. To streamline the process and avoid
duplicating the procedure for each ink, in instances where any parameters differ (such as
initial mass and/or volume, the type of CNT, and/or the solvent), these results are extrapolated

to estimate the CNT ink concentration.

! Image from the internship report of Suriya Venkatesan
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2.3. Solvent-based deposition

Deposition of thin layers of nanomaterial from a solvent is more preferable than other
methods, due to its versatility, low costs, and easy processing.??>-?28 Commercially available
in powder form, carbon nanotubes can harness their pristine properties through adequate
dispersion, deposition, and surface treatment. In the following sections, various deposition

methods will be discussed.

Before CNT deposition, a treatment of the substrate surface is necessary to eliminate
impurities on the surface that can affect the performance of thin films, particularly in the case
of sensors 2%, In this work different substrates (Si/SiO2, glass, and quartz) were used for
different application that will be disclosed in respective sections, However, the surface
treatment for all substrates is similar. Here are the steps to treat the substrate surface before

deposition:

Immersion of the substrate in DI water face up,

Bath sonication for 5 minutes to eliminate water-soluble agents from the surface,
Immersion of the substrate in Acetone face up,

Bath sonication for 15 minutes to eliminate greasy agents from the surface,
Immersion of the substrate in Isopropanol face up,

Bath sonication for 15 minutes to eliminate remaining agents from the surface.
UV/Ozone (UVO) treatment for 15 minutes:

N o g~ w D oE

For UVO treatment the substrate is encapsulated inside a chamber with a UV lamp bearing a

wavelength as low as 184.9 nm that can turn oxygen in the air into ozone and radical oxygen:

uvl
20, — 05 + O

Radical oxygen is a highly reactive agent that can interact with different types of agents on the
surface and gasify them.?*° The UVO device has a suction pump to eliminate Ozone and the
gas content in the chamber. At the end of the process, most of the polluting agents are

eliminated, and the pure surface of the substrate remains.
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2.3.1. Drop casting

Drop casting is a straightforward technique that involves transferring a solution of the material
onto a surface using a syringe or a pipette. In the context of this project, this method was
employed to meticulously fabricate sensors by delicately depositing the ink onto the
designated surface. The key to achieving optimal results lies in ensuring a superior dispersion,

which, in turn, contributes to an enhanced quality of the thin film.?2

It is noteworthy that the efficacy of the process can be influenced by the choice of solvent?!,
necessitating substrate heating to 130% of the solvent's boiling point to mitigate the formation
of undesirable bundles. The process of drop casting is important in the fabrication of sensors,

capitalizing on its simplicity and effectiveness.2%2-2%

In this work, drop casting method was largely used for the deposition of CNT inks on one type
of the sensing devices, the structure of which will be thoroughly discussed in the fourth
chapter. The advantages of this deposition method in that specific case are the simplicity and
the lower required time of deposition. However, in terms of the morphology, drop casting
method results in high coffee ring effect?®® that reduces the reproducibility of electronic

properties of the deposition.

2.3.2. Spin coating

Spin coating is another method of preparing homogenous thin films of materials. It consists of
preparing a solution of the material and injecting it on the substrate, which is fixed on a
rotating plate as shown in Figure 30. The important parameters that play a role in the thickness
of the thin film include, concentration and viscosity of the solution, rotational speed of the

substrate, and rotation time.
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Figure 30. Spin coating method for thin film depositions.

The solution can be injected on the surface, before or after starting the rotation. The first case
is normally referred to as spin casting, and the latter as spin coating. Another important
parameter that controls the thickness of the film is the moment of solution injection (before or

after rotation).

One of the drawbacks of the spin coating process is the loss of material due to the rotation. In
the spin coating method, a high solution concentration is necessary to ensure the surface's

coverage with the material.?*

In this project, spin coating method was tried for the deposition of CNT inks on different
substrates. As discussed earlier, the ink concentration is estimated to be as small as 0.075
mg/ml. Such a low concentration is important to guarantee the stability of the ink, however,
after multiple trials to deposit CNT inks by spin coating, no film formed on the substrates,
since CNTs have a lower affinity to attach to the substrate surface rather than staying in

aggregates inside the ejected solution.

It is also possible to prepare inks with higher concentration, however, the higher the ink
concentration, less stable they are, and there will be a continuous need for ink preparation,

which results in the utilization of higher quantities of CNT powder and solvent, and is more
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time consuming. Apart from that, inks with higher concentration give less homogenous

deposition, since they contain larger aggregates.

Spin coating method was used for the deposition of a porous Polymethylmethacrylate
(PMMA) layer on one type of sensing devices, which will be discussed thoroughly in the
fourth chapter.

2.3.3. Spray coating

In this method of deposition, the CNT ink is kept in a reservoir and by using a pump, small
droplets of the ink are sprayed onto the surface. Figure 31, illustrates the basics of spray
coating. Spray coating has the advantage of simplicity and low deposition time; however, it
needs a larger ink volume compared to other deposition methods, and in the specific case of
our sensor development, the lack of control over the position of deposition. This method is
mentioned in this section for the sake of a more complete introduction to the deposition

methods.

+— Ink suppl
Air/Nz\ Y
\[) =
1Y +— Nozzle

Thin film — | e+ Substrate

Figure 31. Illustration of spray coating method for thin film depositions.
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2.3.4. Inkjet printing

This process requires no prefabrication of templates, allows a rapid printing process at low
cost, does not require post-printing steps over the deposit, and one can precisely control the
amount of deposited material.'* The superior advantages of inkjet printing such as simplicity,
flexibility, speed, high resolution, suitable efficiency for mass production in certain
application, low cost, and possibility to extend the capabilities of devices beyond other
manufacturing technologies, has led to a rise in depositing thin layers with this technology.?’
In 1JP, the thickness and morphology of the deposition can be optimized by the amount of ink
deposited per unit length and the time lag between the droplets, respectively.?®® For this
project, a Dimatix printer of DMP-2800 Series from Fujifilm? was used, which is shown in
Figure 32.

Lid Closed Sensor
i Lid

Print Carriage
e

Drop Watcher

Platen

Figure 32. DMP-2800 Series, Fujifilm Dimatix printer.

2 https://www. fujifilm.com/us/en/business/inkjet-solutions/deposition-products/dmp-2850/support
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This machine works based on a piezoelectric effect and is among the Drop-On-Demand
(DOD) type of inkjet printers.?®® As Figure 33 shows, the ink is filled into the reservoir of a
cartridge and installed on the printhead. Dimatix cartridges have 16 nozzles and to create a
drop from each nozzle, a voltage should be applied to the nozzle channel inducing pressure

waves that results in the creation of a drop through the piezoelectric effect.

Figure 33. Cartridge of the Dimatix printer.

The printer is controlled by a computer software and different printing parameters like the
nozzle configuration, number of layers, the arrangement of printing sections, and placement of

the deposition are controlled through the software.

Since the jet diameter is in the order of a few micrometers,?®® aggregations of a few carbon
nanotubes can easily obstruct it. There are options to prevent this; by checking the
functionality of the nozzle after depositing every layer it is possible to avoid nozzle clogging.
With Dimatix printer it is also possible to develop a plan consisting of cleaning cycles in
between the printing process. Dimatix printer offers a solution to run a cleaning cycle after a

certain time, during which the jets are cleaned by pushing the ink on a pad. Although this
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method is simple, it increases the printing time and it does not allow controlling of the nozzles

in the middle of the process.

For the deposition of CNT inks utilizing the Dimatix inkjet printer, an average drop velocity
of 6 m/s was selected. This average velocity is to make sure that the drop does not spread

around at the moment of collision, and instead spreads smoothly on the substrate.

The verification of this velocity involves the utilization of the drop watcher tool, as illustrated
in Figure 34. To ensure an average velocity of 6 m/s, the drop position is captured precisely at
50 ps following the release of the drop. By the adjustments of the nozzle voltage, the speed
can be tuned in a way that at 50 s, the ink drop reaches the level 300 um. This meticulous

process guarantees the desired deposition conditions for CNT inks through the inkjet printer.

Figure 34. The drop position 300 um below the nozzle, 50 ps after release from the nozzle, is a good

estimation of the average drop speed which is 6 m/s.

2.3.4.1. Optimization of the printing process with Dimatix

The importance of thin film morphology is evident in various sensor applications, including

gas sensors, strain sensors, and humidity sensors. For instance, the morphology and
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microstructure of WOg3 thin films have been shown to affect their sensitivity to NO,.240
Moreover, the surface manipulation of precursor carbazole dendron polymer thin films has
been explored for sensor applications, emphasizing the role of thin film morphology in sensor
development.?*! The morphology of thin films also influences their electrical and optical
properties, which are essential for sensor functionality.?#?24 Additionally, the utilization of
nanomaterial-based thin films in gas sensors has been found to offer high response and short
response and recovery times, further emphasizing the significance of thin film morphology in
sensor applications.?** Therefore, to create sensing devices with long lifetime and good

reproducibility, it is important to control the deposition morphology.

A campaign of printing optimization was conducted to find the best deposition continuity.
Table 2 summarizes the impact of changing different parameters on the deposition time and

shape of the drops.

Table 2. Results of the inkjet printing study to determine the effect of different parameters on the

deposition shape.

Dropz;r[:]a;cing A?o%le Number of nozzles | Number of layers | Required time (min) | Speed (mm?2/min) Shape of drops
1 2 15.78 79
5 11 2 2 8.25 41
3 2 5.58 28
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1 5.25 26
2 4.03 13
10 2.3
20 4.5 1 1.67 8 -
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3 5 1.48 3

1 4 2.08 5
30 6.8

3 6 1.45 2

The angle of the cartridge positioning with respect to the printer surface (equivalent to the
drop spacing) which is mentioned in Table 2. By adding the drop spacing, and the number of
working nozzles, the required time of printing decreases. However, as the images in the table
show, the quality of the deposition also decreases with this reduction in the resolution. This

reflects one of the main issues of inkjet printing which is the time required to print.
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Finally, based on the presented table, using one nozzle and a drop spacing of 10 um, which is
obtained by an angle of 2.3° (Figure 35), and using only one nozzle gives an acceptable

deposition quality and duration.

Figure 35. Continuity of the CNT deposition from inkjet printing.

2.4. Impact of sonication on CNTs

The preparation of carbon nanotube (CNT) ink involves the use of solvents and dispersants,
which are susceptible to degradation under the influence of sonication. Sonication, a process
involving the application of sound energy to agitate particles in a solvent, has been found to
have both physical and chemical effects on the solvent and dispersants used in CNT ink
preparation.?#>247 |t has been reported that sonication can lead to the physical and chemical
degradation of solvents and dispersants, affecting their stability and properties.?®
Furthermore, the application of sonication during the dispersion of CNTs in solvents can
damage CNTSs, resulting in the formation of defects and cutting them into shorter pieces,

which significantly degrades their electrical properties.?*°

The effect of sonication on solvents and dispersants used in CNT ink preparation has also
been studied in the context of other nanomaterials and composites. For instance, it has been
observed that sonication can lead to the generation of toxic degradation products, as well as

the splitting of water into reactive oxygen species, initiating free radical pathways of polymer
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degradation.?®® These findings underscore the significant impact of sonication on solvent
degradation and its implications for the preparation of CNT inks. Figure 36 shows the impact

of sonication of two main solvents used in this project for ink preparation.

Figure 36. Sonication of pure solvent resulted in obvious color changes.

To further study the effect of sonication on the quality of carbon nanotubes, Transmission
Electron Microscopy (TEM) analysis was done to compare the surface coverage of CNTSs

before and after the ink preparation.

For the sample before ink preparation, a few drops of DI water was dropped on commercial
MWCNT powder on clean paper and contact with the TEM grid was made simply by passing
the grid over the wet samples. To take the sample after ink preparation, a drop of an ink based
on MWCNT in ortho-Dichlorobenzene (0DCB) was casted on the TEM grid. Both samples

were subjected to 10 minutes of annealing at 200°C to ensure the elimination of any solvent.

For each sample, at least 20 images were taken at the Nanomax infrastructure at the Ecole

Polytechnique. From each sample, one example is shown in Figure 37.
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Figure 37. TEM images of a) a solid commercial MWCNT, b) MWCNT dispersed in oDCB.

The total CNT surface in each image was calculated using ImageJ software. Subsequently, for
each image, the total surface of CNTs were roughly calculated. In the next step, for each
image, the area covered by irregular amorphous matter were calculated by bordering those
irregularities with ImageJ. Finally, the surface coverage of CNTs in every image was
calculated simply by dividing the surface of amorphous matter to the total surface of CNTSs,
and listed as a percentage. It is important to note that the term surface does not represent the
real surface of the CNTs, and it is equivalent to the projection of the 3D networks on the
image after the acquisition of TEM.
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Table 3 summarizes the values of average amorphous matter coverage for each sample. As it
can be seen from the table, the value of amorphous matter coverage increases from a value of
12% for the sample before ink preparation to 35% after the ink preparation, suggesting a
decreased CNT surface quality.

Table 3. Comparison of the amorphous matter coverage of the two CNT samples. The value of

variation coefficient among different images is reported.

Sample MWCNT commercial Powder | MWCNT ink in oDCB
Average amorphous
12 35
coverage in %
Coefficient of Variation
69.7 47.7

among 20 images (%o)

The increase in the amorphous matter coverage of the CNTSs after ink preparation, suggests
that the solvent and the process have an important role on the quality of CNTs. A low CNT
quality starts a chain of low success rate in noncovalent functionalization and sensor response.
Since the choice of solvent-based deposition is an important factor in this project, instead of
using other deposition methods like CVD to fabricate CNT thin-films, in the rest of the
chapter the post processing methods will be discussed to enhance the surface quality of CNTs

by reducing the quantity of amorphous matter.

2.5. CNT deposition with reduced amorphous matter

High resolution transmission electron microscopy (HRTEM) experiments were done to

address the question of under which conditions the unwanted amorphous matter surrounding
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CNTs can be eliminated. With a high boiling point (202°C) and a low vapor pressure (0.345
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mmHg) NMP is among the solvents with the most difficult evaporation. However, NMP is the
best candidate for a stable SWCNT ink for this research work. In literature, NMP is also
known to degrade into sonochemicals that can wrap around nanotubes and hinder their =

orbitals from interacting with other planar groups.?4®

In the rest of the chapter, the experiments done on SWCNTs will be discussed, because for
different reasons that will be explained in next chapters, using MWCNTSs were stopped in this

work.

After the deposition the ink on the TEM grids, to eliminate the remaining solvent from the
SWCNT network, TEM grid was annealed at 260°C for 15 minutes before entering the TEM
chamber. Figure 38 shows two TEM images with different magnitudes, of SWCNTSs deposited
from a usual ink, and as it is clear from the images in Figure 38, the walls of SWCNT are
covered by an excess of amorphous matter originated from the degradation of the solvent, due

to the sonication.

50 nm

Figure 38. HRTEM images of a pristine SWCNT ink in NMP. a represents the abundant amorphous
matter around individual tubes, and b represents the excess of amorphous matter in the SWCNT
network.
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high amorphous matter content and their surface is covered with a notable amount of
amorphous matter. There are abundant z orbitals on CNTSs that can attract different chemical
groups from their surroundings.”* These groups can be from different sources, for instance
from the synthesis process by the provider. Also, unwanted sonochemicals that result from
sonication, can irreversibly attach to CNTs. Apart from that, different gaseous groups can

interact with the abundant electrons on the CNT surface and impact their purity.?®!

Functionalization of CNTs is an important objective in this project and is essential for the
further applications, including sensors. The presence of amorphous matter from different

sources can impact the functionalization in two ways:

(1) Amorphous materials covering CNTs completely block the attachment of
conjugated functional groups on CNTs, and any post treatment, mechanical
handling or exposure to water flow can result in the elimination of conjugated
functional groups,??

(i)  The =- & forces between conjugated functional groups and CNTSs can result in some
level of attachment despite the presence of amorphous matter, but they interrupt

efficient electronic exchange, which is essential for selective sensor response.'®

2.5.1. CNT quality enhancement proof of concept

A TEM chip has a SiC base and two gold electrodes deposited on top. By deposition of the
CNTs on the chip, a high current can pass through the metallic CNTs (30 percent in the
SWCNT sample). The high current heats up the CNTSs, while the temperature is recorded. This
process results in the degradation of any amorphous organic matter around the tubes in a high

vacuum of 10 torr.

A drop of the SWCNT ink was deposited on a chip and it was heated at 1100°C for 1 hour.

Figure 39 shows the images of the tubes before and after the Heating Process. Figure 39.a
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shows a large view and Figure 39.c shows a closer view of the SWCNT network before
heating. On the other hand, Figure 39.b and Figure 39.d, show the SWCNT network of the

same places after heating, respectively. By comparing the images before and after heating

Institut Polytechnique de Paris

under vacuum, a significant decrease in the amorphous matter coverage can be seen, which is

evidence of effectiveness of burning amorphous matter under vacuum.

Figure 39. TEM image of pristine SWCNT ink in NMP before (a,c) and after (b,d) Heating Process in
the TEM chamber.
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As resilient as CNTs are toward temperature, a thin film of a few hundreds of nanometers of
CNT can degrade by a small oxygen content in their surroundings >3. A high vacuum that
gives a pressure of nearly 10 torr, guarantees that amorphous matter degrades and evaporate,

while the CNT network remains on the surface.

2.5.2. Optimization of the Heating Process

Cleaning CNTs with at super vacuum (10® torr) and high temperature (1100°C) consumes
large amounts of energy and poses challenges when applied on a lab scale and for multiple
devices. Therefore, an effort was made to optimize the energy consumption of the process and
render it feasible for simultaneously apply to multiple devices. In these experiments quartz
substrates were utilized, since handling silicon substrates for customized sensing devices can
be challenging, and glass substrates cannot withstand the high temperatures of the Heating

Process.

2.5.2.1. Temperature profile of the Heating Process

For the attempts to apply the Heating Process in a lab scale, a primary vacuum of 1 mbar was
chosen, which can be more accessible and portable. This pressure is considerably higher than
the pressure used in the TEM chamber (10 torr). Therefore, the temperature at which the

SWCNTSs would degrade decreases due to higher oxidation effect 23,

In a series of experiments, SWCNTs were deposited on quartz substrates with two gold
electrodes and were subject to heating under vacuum. The use of quartz substrates with gold
electrodes, allows the verification of the presence of SWCNT network, by measuring their
electrical conductivity (or its reciprocal, the resistance). To apply the temperature, the
substrate was placed in a customized quartz tube and then inserted into a tubular furnace

capable of heating up to 3000°C.
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At the beginning, a temperature of 950°C was chosen and the furnace was heated with the
profile presented in Figure 40. After waiting for 20 minutes for the furnace to reach 950°C,

the heat source was stopped at once, but the cooling down took 6 hours to reach 50°C.

1000
900
800
700
600
500

400

Temperature (°C)

300

200

100

0 3 60 9 120 150 180 210 240 270 300 330 360 390 420
Time (min)

Figure 40. Temperature profile of the tubular furnace to a maximum of 950°C for cleaning of CNT

depositions.

After collecting the quartz substrate, the characteristic black color of the CNT deposition
disappeared. The resistance of the deposition was measured using the electrodes on the
substrate, and a resistance out of range was observed indicating the absence of any

conductivity between the electrodes. The resistance of the deposition before heating in the
furnace was 53 kQ.

The procedure was continued by reducing the maximum temperature in each experiment until
a measurable and acceptable resistance was identified. As shown in Table 4, at 650°C, the

increase in the deposition resistance is acceptable and this confirms the presence of the
SWCNT network on the quartz surface.
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Table 4. Impact of heating under vacuum at different temperatures on the resistance of SWCNT

depositions
Resistance before heating | Heating temperature | Resistance after heating
(kQ) (°C) (kQ)
53 950 100000
48 900 100000
56 850 100000
54 800 50000
50 750 10000
47 700 1000
52 650 120

To ensure the stability of pressure within the tube, the optimal Heating Process was planned,
wherein the samples were kept at 200°C for 2.5 hours, the temperature was then raised to
650°C, and after one hour, the heat source was switched off, allowing for a gradual cooling
over several hours. The temperature profile is depicted in Figure 41. Based on this figure the

optimal Heating Process can be break down to the following steps:

3 minutes to reach the of 200°C,
150 minutes (2.5 hours) at 200°C to ensure the stability of the vacuum,
16 minutes to increase the temperature from 200°C to 650°C,

Keeping the temperature at 650°C for exactly one hour,

ok~ 0 DdpPE

Stopping the furnace and let it cool down to room temperature, which takes 10.5 hours.
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Figure 41. Optimal temperature profile compatible with lab processes and the best outcome.

2.5.3. Characterization of the Heating Process

To characterize the effect of the Heating Process on the quality of SWCNT depositions,
RAMAN spectroscopy and TEM methods were investigated and will be discussed in this
section. To make firm comparisons of the effect of the Heating Process, these characterization
methods were applied to the same samples before and after heating, and the same area on the

substrate was targeted.

2.5.3.1. RAMAN spectroscopy

Over the duration of the present work, in multiple occasions throughout different campaigns
of characterization, the Raman spectra of a SWCNT depositions before and after the Heating
Process were obtained using the 100x objective and the 532 nm laser of a HORIBA Raman
spectrometer. Table 5 summarizes the values of Ip, I, and I2p for all the measurements ever

done on different samples. These measurements were done with different motivations that will
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be discussed in the rest of the chapter or in the next chapter. In Table 5, the ratios of Ip/ls and

Io/l2p have also been calculated, and completed with the statistical data.

Table 5. Summary presentation of all Raman spectroscopy results, with calculated averages of

important ratios.

Before heating After heating
Ip le I | Ip/lG | Ip/l2p Ip le I2p Io/lc | Ipn/l2p
1122 | 2713 | 338 | 0.41 | 3.32 | 1534 | 12459 | 3030 | 0.12 | 0.51
3401 | 9920 | 2427 | 0.34 | 1.40 | 6536 | 50223 | 22366 | 0.13 | 0.29
4780 | 10125 | 2496 | 0.47 | 1.92 | 6944 | 49753 | 22254 | 0.14 | 0.31
6650 | 9509 | 2311 | 0.70 | 2.88 | 7078 | 49265 | 21949 | 0.14 | 0.32
6837 | 9402 | 2267 | 0.73 | 3.02 | 7669 | 49935 | 21694 | 0.15 | 0.35
7320 | 9095 | 2165 | 0.80 | 3.38 | 7689 | 41345 | 14809 | 0.19 | 0.52
7506 | 8979 | 2125 | 0.84 | 3.53 | 7988 | 48526 | 21405 | 0.16 | 0.37
7547 | 8982 | 2124 | 0.84 | 3.55 | 8339 | 48243 | 21310 | 0.17 | 0.39

Average 0.64 | 287 | 8061 | 48927 | 21065 | 0.16 | 0.38
St.dev 0.20 | 0.80 | 10008 | 47112 | 19399 | 0.21 | 0.52
CV% 31 28 9092 | 47165 | 21704 | 0.19 | 042

9348 | 46636 | 20310 | 0.20 | 0.46
9520 | 46261 | 20120 | 0.21 | 0.47
9662 | 43916 | 19935 | 0.22 | 0.48
9875 | 45485 | 19651 | 0.22 | 0.50

Average 0.18 | 0.42
St.dev 0.03 | 0.08
CV% 18 19

The ratio of Ip/lc before the Heating Process on average of eight different characterizations is
0.64, while it decreases to 0.18 (average of 15 different characterizations) after the process.
The D band corresponds to defects or disorder in the carbon structure, while the G band
represents the graphitic carbon structure.?>* A smaller ratio of the intensity of the D band to G
band in carbon nanotubes indicates a higher degree of graphitization and lower defect density,

which is often associated with higher quality carbon nanotubes.?>® This ratio is a key indicator
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defects in the graphitic sp? network of the nanotubes.?®

However, since the sample is SWCNT, a degradation of an outer layer could not explain the
decrease in the ratio. The ratio of Ip/l2p can be studied to obtain more information and explain
the physical events that result from the Heating Process. This ratio has decreased from 2.87 to
0.42 after the Heating Process. The Ip/l2p ratio depends on the amount of graphitic flakes
(staked =-rich groups) deposited on the nanotube surface, and Raman spectroscopy provides a
nondestructive control of structural and electronic characteristics of carbon materials,
including the 2D band.?®’

Figure 42 shows the Raman spectra of SWCNT before and after the Heating Process.

—— After heating
——Before heating

200 400 600 800 1000 1200 1400 1600 1800 2000 2200 2400 2600 2800
Raman shift (cm?)

Figure 42. Comparison between the Raman spectra of a SWCNT deposition, before and after the

Heating Process.

Based on the information derived from Ip/lc and Ip/l2p, it is observed that the number of

graphitic layers detected by the Raman laser has diminished, along with a reduction in the
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intensity of defective zones. This phenomenon signifies that a form of n-m interaction is
established between the SWCNT surface and the amorphous matter covering it. However,
owing to their high edge effect, these interactions also contribute to the formation of
additional defective zones. Consequently, the elimination of a significant portion of the
amorphous matter results in a decrease in the number of stacked conjugated groups, along
with a reduction in their edge effect, which, in turn, mitigates the occurrence of a prominent D
peak. Figure 43 serves as an illustration of this model, supported by the results of Raman

scattering.

Figure 43. Heating Process impact, with the presence of random conjugated groups among the

amorphous matter.

Raman scattering was conducted on MWCNT only one time to observe the impact of the
Heating Process. Figure 44 demonstrates a decrease in the Ip/lg ratio from 1.38 to 1.22 and a
decrease in the Ip/l2p ratio from 3.66 to 2.28. Despite indicating an enhancement in the quality
of MWCNTSs, these results also highlight the persistent prevalence of defects within the

MWCNT structure, even after the application of the heating process.
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—— MWCNT after the heating process

——MWCNT before the heating process

N
VAN

400 600 800 1000 1200 1400 1600 1800 2000 2200 2400 2600 2800 3000
Raman shift (cm)

—

Figure 44. Effect of the Heating Process on the Raman spectra of MWCNTS.

2.5.3.2. TEM analysis of the effect of the Heating Process

For the TEM analysis, a thin and fragile grid is used to scan the surface and handling this grid
can be challenging. Two methods were followed to ensure sample collection. In the first
method, quartz substrates were used for the ink deposition and the Heating Process was
applied to the substrate. Afterwards, the surface of the CNT deposition was scratched using a
sharp object and the TEM grid was scrubbed against the scratched area to collect the sample.
In the second method, the ink was deposited onto the TEM grid and to apply the Heating
Process, the grid was placed in a tiny quartz tube, covered with aluminum foil and placed in

the furnace tube for the Heating Process.
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Figure 45. Effect of the Heating Process on the surface quality of SWCNT by TEM analysis. a) Usual
SWCNT network before heating. b) Usual SWCNT network after heating by using a tiny tube. ¢) Usual
SWCNT network after heating by scratching the surface and scrubbing the TEM grid.

2.5.4. Going beyond the heating process

The described Heating Process represents the maximum temperature at which CNTs can be

heated without being burned under a primary vacuum. In two experiments, attempts were
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made to explore alternative methods of cleaning the CNT surface while avoiding high
temperatures. In one experiment, different temperatures were tested in both air and under

vacuum conditions, while in the other experiment, UV-Ozone treatment was employed.

2.5.4.1. Effect of the temperature and pressure on the Heating Process on

Figure 46 presents the Raman spectra, comparing the effect of temperature annealing in air on
the quality of SWCNT depositions. Each sample underwent annealing for 30 minutes. As
indicated in the table, increasing the temperature from 250°C (deposition temperature) to
375°C resulted in improved quality of SWCNTs. Notably, at 400°C, the CNTs began to
disappear from the surface, leading to a low CNT content and resulting in unusual Raman
spectra with high Ip/lc and Ip/lzp ratios. It is worth mentioning that the temperature of 425°C

was also tested; however, evidently, no SWCNTSs remained on the surface.

Temperature (°C) D/G D/2D

250 °C 054 142
275 °C 053 134
300 °C 056 1.71 |
325°C 051 1.49
350 °C 041 0.77 I
375 °C 032 060 /l
400 °C 051 1.51
* —400°C
—375°C
—350°C
—325°C
300°C
275°C
—250°C

0 200 400 600 800 1000 1200 1400 1600 1800 2000 2200 2400 2600 2800 3000
Raman shift (cm?)

Figure 46. Effect of the heating temperature in air on SWCNT quality.
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under primary vacuum to compare with the results of the heating temperature of 650°C.
Figure 47 displays the outcomes of this experiment. It is evident that applying lower
temperatures under vacuum does not yield the same results in terms of Ip/lg and Ip/l2p for the
SWCNT deposition.

Temperature (°C) D/G D/2D

375 °C 0.49 136
500 °C 042 0.97
650 °C 0.15 033
M — —650°C
500°C
375°C

0 200 400 600 800 1000 1200 1400 1600 1800 2000 2200 2400 2600 2800 3000
Raman shift (cm?)

Figure 47. Effect of the heating temperature under vacuum on SWCNT quality.

It is noteworthy that at the same temperature of 375°C, the quality of SWCNTSs is higher
(considering Id/lg and Id/12d ratios) when the heating is conducted in air compared to under
vacuum. Even increasing the heating temperature under vacuum to 500°C does not result in
better quality compared to heating in air at 375°C. This observation suggests that the
amorphous matter has a high degradation temperature, primarily due to the interaction it
creates with the surface of SWCNTSs. Figure 48 summarizes the Raman results in terms of

In/lc and Ip/l2p ratios for the explained heating conditions.
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m Ip/Ip
650 °C under vacuum m 033 C L

500 °C' under vacoum * 097
375 °C' under vacunm ? 136
400 °C in air ? 1,51
375 °C in air W 0,60
350 °C in air (77
325 °C in i —— 1,49
300 °C in air ? 1,711
375 °C in air * 1.34
250 °C in air ? 142

0.0 0.2 a4 0a a8 La 12 14 1o 18
Ratio

Figure 48. Effect of the temperature and oxygen content in the Heating Process on the gquality of
SWCNTSs.

The Scanning Electron Microscopy (SEM) image in Figure 49 illustrates the varying impacts
of heating in air at 375°C and under vacuum on the density of SWCNTSs remaining on the
surface. Due to heating in the presence of atmospheric pressure of oxygen, a thin film of
CNTs degrades easily at 375°C. However, by reducing the oxygen pressure using a primary
pump, applying a temperature as high as 650°C only leads to the degradation of the
amorphous matter, leaving the CNT network intact. These SEM images were taken by Dr.

Issoufou Ibrahim Zamkoye, during a mutual project on the study of the heating process.
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Figure 49. SEM images of a SWCNT deposition A) before heating, B) after heating in air at 375°C,
and C) after applying the Heating Process.?

2.6. Conclusion on the processing of CNTs

This chapter delves into the critical aspect of preparing CNTs prior to embarking on
functionalization processes. In certain applications where the electronic properties of CNTs
are of utmost significance, exploring functionalization pathways holds promise, even in the
presence of amorphous matter. Through functionalization, a mixture of mechanical, thermal,
and chemical modifications can be induced in CNT behavior, irrespective of the initial quality
of the CNTs.12 However, when electronic exchanges at the interface of CNTs and functional

groups are important, attention must be given to the surface quality of the CNTs. This ensures

3 Credit: Dr. Issoufou lbrahim Zamkoye

109



,.‘,D‘-YTE'C-&
® +

®:
,; Institut Polytechnique de Paris

<
og oP

<\TUT

S

the effectiveness and reliability of electronic interactions, thereby enhancing the performance

of CNT-based systems in electronic applications.

The aim of this chapter was to investigate the necessity of post-treatment procedures to
guarantee the surface quality of CNTs before advancing towards the development of sensing

devices. Here is a drill-down of what was presented in the present chapter, in a logical order:

[
1

In the present work, solution-based deposition methods of CNTs are chosen for

their versatility, low cost, and high scalability.

2- In the realm of sensor development, the morphology of deposition and the well
dispersion of CNTs in a homogenous network is important for sensor reliability.

3- A homogenous network of CNTs can only be produced from an ink with highly
dispersed nanotubes.

4- CNTs received from the provider, underwent a purification process to eliminate the
majority of their amorphous matter. However, this process, does not guarantee the total
elimination of the amorphous matter.

5- oDCB and NMP are solvents that can disperse CNTs, using sonication.
Dispersions (inks) with NMP as solvent offer 50 times longer lifetime than those
based on oDCB.

6- Inkjet printing was in particular was investigated and a process with Dimatix

Printer was optimized that uses one nozzle, a drop speed of 6 m/s, and a distance

from substrate of 500 pm.

7- Sonication is shown to provide enough energy to initiate a ring-opening of oDCB and
NMP solvent, resulting in the degradation of these solvents and the creation of so-

called “sonochemicals”. These sonochemicals can induce even more amorphous matter
on the CNT walls.

8- A step of post treatment is necessary to purify CNTSs to another level by eliminating the
amorphous matter remaining from the powder form, and more importantly, the

sonochemicals that occupy CNT walls.
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9- In the present work, a process was developed that consists of heating CNT thin

films at 650°C and 1 mbar. This procedure was characterized in this chapter and
was proven to be efficient in enhancing the quality of the CNTSs.
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Functionalization of CNTs
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3. Functionalization of CNTs

In the previous chapter, the successful purification and treatment of the CNTs as thin films
was discussed and the Heating Process that led to interesting results, was thoroughly
characterized by different methods. This step was vital in the progression of this project, due

to the choice of solvent-based deposition, and the functionalization in the next step.

Despite numerous references in the literature, functionalization of CNTs is still a subject of

interest and can be adapted to different types of development projects and applications.

In this chapter, the functionalization of CNTs will be thoroughly studied. Three methods will
be discussed to functionalize the walls of CNTs with different molecules. These methods are

called mixing, one pot, and incubation.

In the following sections, the detailed steps of each method will be discussed and the

superiority of incubation method to functionalize CNTs will be put into evidence.

3.1. Conjugated molecules for noncovalent functionalization of CNTs

The exploration of noncovalent functionalization involving carbon nanotubes (CNTSs) and
conjugated molecules has attracted considerable attention within the realm of sensing
applications. Conjugated molecules, distinguished by their delocalized m-electron systems,
present distinctive electronic and structural properties. These properties enable effective
interactions with the sp? carbon network of CNTs, positioning them as promising contenders
for optimizing the performance of sensors based on CNTs.8 This method allows for the
retention of the inherent properties of CNTSs, simultaneously introducing supplementary
functionalities through mechanisms such as n-m stacking, van der Waals interactions, and

other noncovalent bonding interactions.?°®

114



,.‘,D‘-YTE'C-
] *
() 2
,  Institut Polytechnique de Paris
oE v

<\TUT

(%)

,
Leveraging conjugated molecules for the noncovalent functionalization of CNTs provides a
versatile foundation for customizing the characteristics of materials based on CNTSs,
particularly for applications in sensing.?®® Utilizing the m-conjugated systems of organic
molecules, scientists have investigated ways to improve the dispersion of CNTs in sensing
matrices. Additionally, they have explored methods for modulating electronic properties and

enhancing interfacial interactions within nanocomposites for sensors.26°

3.1.1. Choice of conjugated molecules

The selection of chemical groups for noncovalent functionalization holds significance on two
fronts. Firstly, the chosen chemical must be capable of establishing n-n interactions with the
CNT. Secondly, it should incorporate specific groups that can selectively interact with the
desired analytes in a water environment?®!, In addition to their conjugated structure, which
makes them good candidates for n-m stacking on CNTSs, pyrene and porphyrin molecules
illustrated in Figure 50, exhibit fluorescent properties?6>262 that allows to make preliminary

studies on their interactions with CNTs as well as the analytes of interest in water.

Figure 50. Left: Pyrene molecule, right: Porphyrin molecule.

Given their extensive aromaticity and conjugated system of m orbitals, pyrene derivatives

stand out as top candidates for the functionalization of CNTs.264267 Pyrene derivatives are
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largely studied as optical sensors.?®® Also, pyrene groups have been used to synthesize new
molecules for different applications. They can be attached to other chemical groups like
thiourea?®®, carboxylates,?® esters,?° etc. These attached groups interact with the analytes in

the surrounding environment which involves electron exchange.

Porphyrin molecules, with their large aromaticity and conjugated system of x orbitals, are
highly suitable for noncovalently functionalizing CNTs.?’* Porphyrin derivatives have been
used in the preparation of optical sensors, showcasing substantial potential in this particular
application.?’? They have been widely utilized to synthesize new molecules for various

applications, often by attaching them to other chemical groups.?"327

The exploration of noncovalent binding between porphyrin molecules and CNTs has been
established as a potent strategy to enhance the solubility of CNTs and introduce functionality
without compromising the electronic structure.?’>2’® Theoretical works have also been
conducted to investigate the noncovalent adsorption of porphyrins and metalloporphyrins on

CNT sidewalls, providing insights into ©-7 interactions.?’ 2’8

Collectively, these studies show the diverse methods through which porphyrin molecules can
noncovalently functionalize CNTSs, highlighting their versatility and potential for a range of

applications.

3.1.2. Description of molecules

In this project different molecules based on pyrene and porphyrin derivatives were studied for
functionalization. Figure 51 shows the Four molecules that we studied extensively. All these
molecules were designed, engineered, and synthesized in LPICM chemistry group by Dr.
Christian Murga, Dr. Arghyadeep Bhattacharyya, and Dr. Qigiao Lin under the supervision of
Dr. Gael Zucchi.
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Figure 51. Some of the molecules used in this project.

Initial fluorescent studies on M5 reveal the sensitivity and selectivity of this molecule towards
glyphosate, a widely used herbicide that has raised concerns regarding its impact on water
quality due to the potential for leaching into ground and surface waters.?’® Studies have
indicated that glyphosate can persist in the environment for long periods and has been found

in surface and subsurface water sources, posing a threat to aquatic organisms.280-282

M2 is a molecule that was engineered and characterized by our chemistry group. This
molecule has 8 ether chains that make the molecule less hydrophobic which is important for
water analysis. The molecule is also complexing a platinum ion that can bind to dissolved

oxygen in water.

Adequate levels of dissolved oxygen are essential for the sustainability of freshwater and
marine environments, highlighting the importance of monitoring and maintaining appropriate
dissolved oxygen concentrations in water bodies. Dissolved oxygen is a key indicator of
stream water quality and ecosystem health.?83284 ow levels of dissolved oxygen, often
resulting from eutrophication and enhanced primary production, can lead to adverse effects on

marine and freshwater ecosystems, impacting the biological health of rivers and the survival
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of diverse aquatic life.?8>28 Additionally, the Dissolved Oxygen (DO) concentration in water
is essential for aerobic communities living in aquatic systems and is involved in all metabolic

processes, making it a critical factor for ecosystem sustainability.!"

3.1.3. Emission spectroscopy of CNT-molecule interactions

In this section, we aim to characterize the interaction between CNTs and the molecules with
emission spectroscopy studies. At low ranges of concentrations of pyrene?’ and porphyrin28
molecules, their emission intensity decreases proportionally with their concentration in
different solvents. On the other hand, several studies have investigated the photophysical
interactions and energy transfer processes between pyrene?®®2% and porphyrin®*2%2 molecules
and carbon nanotubes. Emission spectroscopy studies were done on M1, M2, and M5
molecules to determine the impact of the presence of Single-Walled carbon nanotubes
(SWCNTS).

For each molecule, fluorescent studies were done twice. In the first instance, the initial
molecule solution was diluted by adding the pure solvent (NMP), and in the second instance,
by adding a diluted SWCNT ink (estimated 2 mg/L). For each test, 35 spectra at different
concentrations were collected. The chosen initial concentration for each molecule is the
highest possible for the fluorescent device detector, before saturation, and it is different for

each molecule studied here.

For the M1 molecule (porphyrin-based molecule), the initial concentration is 5 pM. The left
plot of Figure 52, shows the diluting of the initial solution from 5 pM to 1.5 uM in 35 steps
with the pure solvent. As the black plot in Figure 53 shows, this dilution results in mild
decrease in the maximum intensity of the spectra down to 3.5 uM. However, further dilution

from 3.5 uM to 1.5 uM happens with a higher rate with a seldom linear behavior.

On the other hand, the right plot of Figure 52, shows the diluting of the initial solution from 5
UM to 1.5 uM in 35 steps with a diluted SWCNT ink, instead of the pure solvent. As the red
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plot in Figure 53 shows, contrary to the previous case, the decrease in the intensity happens at

a higher rate, indicating the possible n-r interactions of the M1 molecule with the SWCNTs.

' Addition of solvent to M1 solution

Addition of CNT ink to M1 solution

620 640 660 680 700 720 740 760 780 620 640 660 680 700 720 740 760 780

Wavelength (nm)

Figure 52. Dilution of M1 molecule with the solvent (left) and the CNT ink(right)

— Dilution with solvent —— Addition of CNT _

Maximum intensity

15 2,0 2,5 4,0 4,5 50

30 35
Concentration (umol/L)

Figure 53. Quenching of maximum emission for M1 molecule by adding solvent and the diluted CNT
ink.

These results indicate that aggregates of the M1 molecule begin to form around SWCNTSs
immediately upon the addition of the ink. As depicted in Figure 53, for solutions more diluted
than 2.5 puM, the emission intensity decreases with the same slope for both cases, suggesting

that the impact of dilutions becomes significant at concentrations lower than 2.5 uM.
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For M2 molecule (porphyrin-based molecule), the initial concentration is 6.8 uM. The left plot
of Figure 54, shows the diluting of the initial solution from 6.8 uM to 2.5 uM in 35 steps with
the pure solvent. As the black plot in Figure 55 shows, this dilution results in mild decrease in
the maximum intensity of the spectra down to 6 puM. However, further dilution from 6 pM to

2.5 UM happens with a higher rate with a linear behavior.

On the other hand, the right plot of Figure 54, shows the diluting of the initial solution from
6.8 UM to 2.5 uM in 35 steps with a diluted SWCNT ink, instead of the pure solvent. As the
orange plot in Figure 55 shows, contrary to the previous case, a sharp decrease in the intensity
happens at the first moment of adding the SWCNT ink, and then the rate of decreases
becomes more similar to the case of dilution with the solvent. The sharp immediate decrease
in the emission intensity shows a strong affinity of the M2 molecule to create m-n interactions

with the added SWCNTSs.

Addition of solvent to M2 solution Addition of CNT ink to M2 solution

600 620 640 660 680 700 720 740 760 R0 800 600 620 640 660 680 7TOO 720 740 760 7RO 800
Wavelength (nm)

Figure 54. Dilution of M2 molecule with the solvent (left) and the CNT ink(right).
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——Dilution with solvent ——Addition of CNT _

Maximum intensity

2,5 3,0 3,5 4,0 4,5 5,0 55 6,0 6,5 7,0
Concentration (umol/L)

Figure 55. Quenching of maximum emission for M2 molecule by adding solvent and the diluted CNT
ink.

Examining Figure 51, it's worth highlighting two significant distinctions between M2 and ML1.
Firstly, M2 forms a complex with a platinum ion, enhancing the interactions of porphyrin with
SWCNTSs through sp>~d hybridization.?®® Secondly, the presence of larger 2s character in the
hybrid orbitals within an ether strengthens the C—O bond, potentially influencing noncovalent

interactions between ethers and CNTs due to the enhanced sp? hybridization properties.?%*

For the M5 molecule (a pyrene-based molecule), the initial concentration is at 12.1 uM. The
left plot of Figure 56, shows the diluting of the initial solution from 12.1 uM to 3.8 uM in 35
steps with the pure solvent, and the right plot of Figure 56, shows the same dilution with a
diluted SWCNT ink, instead of the pure solvent.

Ilustrated in Figure 57, the introduction of SWCNTSs leads to a swifter initial reduction in the
emission spectra compared to the addition of the solvent. Nonetheless, it's crucial to
emphasize that the effectiveness of the interaction between pyrene molecules and CNTSs is
comparatively lower than that of porphyrins, attributable to the size disparity in their

conjugated systems.
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Addition of solvent to MS5 solution Addition of CNT ink to M35 solution
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Figure 56. Dilution of M5 molecule with the solvent (left) and the CNT ink(right).

——Dilution with solvent —— Addition of CNT _

Maximum intensity

38 45 52 59 66 73 80 87 94 101 108 115 122
Concentration (umol/L)

Figure 57. Quenching of maximum emission for M5 molecule by adding solvent and the diluted CNT
ink.

Based on the results of emission spectroscopy, it can be concluded that, for the three

mentioned molecules, certain interactions occur between the molecule and SWCNT when they
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are introduced into the solution. The observation that the quenching of molecule emission is
not as pronounced as when SWCNT is added suggests that, upon the addition of SWCNT ink
to the molecule solution, a portion of the molecules attach to CNTs in a manner that prevents
their emission. However, caution must be exercised in connecting these interactions to
effective m-m stacking, given that the SWCNTSs have undergone the ink preparation process,
and their surface has been contaminated with amorphous matter. Nevertheless, an affinity
exists between SWCNTs and all these molecules, resulting in emission quenching for each

molecule.

3.2. Methods of functionalization

In this project, three different methods of functionalization were experimented with. For both
mixing and one-pot methods, the functionalization is carried out in the liquid phase before the
heating process. In the case of the incubation method, a film of CNT is deposited, and then
this method is applied. In this section, each functionalization method will be explained and by

further characterization their effectiveness is compared.

3.2.1. Mixing functionalization

In this method, a solution of the molecule is mixed with the CNT ink and subjected to
sonication for 30 minutes to immobilize the molecules on the CNT surface. The critical
parameter in this method is the mass ratio of the molecule to CNT. To determine the optimal
ratio for each molecule, 25 mixtures of CNT + molecule with varying ratios were prepared
through sonication for 30 minutes. Subsequently, the samples are subjected to
Ultracentrifugation at 100,000 rpm to facilitate the sedimentation of all functionalized CNTs
at the bottom of the tube. The resulting supernatant of each sample constitutes a clear solution

of the molecule.
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Emission spectroscopy studies were done on the resulting supernatant solution to obtain
insight about their comparative concentrations. Figure 58 illustrates the normalized intensity

of each sample at their maximum emission for a pyrene-based molecule.

Initially, the emission intensity remains relatively stable with an increase in the ratio, as
indicated by the red line. This observation suggests that the CNTs are possibly not saturated
yet and can potentially absorb more molecules on their surface through n-x interactions. The
emission of the molecule begins to increase at a ratio of 1.5, demonstrating a relatively linear
behavior with the increase in molecule mass, as depicted by the green line. This phase
signifies that the CNT surface becomes saturated, further addition of the molecule does not
result in any further interaction, and the emission of the extra molecules become more and
more important. Finally, the addition of more mass of the molecule leads to the quenching of
the emission spectra, indicating the formation of aggregates of the molecule due to solution

saturation,?°>2% as denoted by the blue line.

Emission Intensity

Domination of
aggregation efect

00 05 1,0 15 2,0 2,5 3,0 35 4,0 45 5,0 55 6,0 6,5
Molecule to CNT mass ratio

Figure 58. Emission of Molecule/CNT mixture supernatant at different ratios between the two

materials.
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It is important to note that Figure 58 serves as an illustrative example of the procedural
approach that should be adopted for each molecule. Based on this methodology, the optimal
ratio can be determined, which corresponds to the intersection of the red and green lines. The
physical meaning of this intersection is the moment where the majority of CNT surfaces are

covered with the molecule.

3.2.2. One-pot functionalization

In chemistry, the term "one-pot" is utilized to describe a synthetic procedure in which all the
required reagents are brought together in a single reaction vessel, enabling the sequential
occurrence of multiple chemical transformations without the necessity of isolating

intermediates.2°’

When applied to the functionalization of CNTs, the One-pot method involves combining
CNTs, molecules, and the solvent in one vessel and conducting functionalization using
sonication and magnetic stirring. Various parameters such as the mass ratio between CNTSs
and the molecule, solvent volume, temperature, and post-processing are manipulated. In the
literature, different routes for one-pot functionalization of CNTs are documented, and Table 6

describes some examples. Molecules mentioned in this table are pyrene-based.
Based on the examples provided in literature, in this work the following process was applied:

- Mixing known mass of CNTs and the molecule, with a known volume of THF in one
vessel,

- Sonication at 0 °C for 1 hour using a sonic bath (Fisherbrand, 37kHz, power 100%),

- Filtration on PTFE membrane with pore size of 0.2 um,

- Washing the filtered solid with THF until the filtrate solvent is clear,

- Drain the solvent used for washing into a flask underneath the filter by applying
vacuum in the flask,

- Drying the solid residue under vacuum over night at 50 °C.
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Table 6. Parameters of One-pot functionalization for pyrene-based molecules in the literature

(schemes taken with permission).

CNT Molecule Solvent Procedure details Source

Ultrasonic bath to disperse
CNTs in THF for 20 min, =
Addition of pyrene-functional

polyester =» Magnetic stirring at

o b C c b .
Mo}/\O’\(o\/\o’\;% ambient temperature for ten
a2 ‘ n

Nap N 0 THF days = Filtration through a
50 mg . _\~</
1 150 PTFE membrane (pore size 267

MWCNT O
S

250 mg residual solid in excessive

mL 0.2 pm) = Sonicated of the

amount of fresh THF =
Filtration until the elimination
of all nonattached pyrene-

functional polyester

Dispersion of the molecule and
A HE-%\ the CNT with 30 min of
THF sonication using a typical bath-
1g
2 ‘I o A s 300 type sonicator < Filtration of 298
MWCNT O‘ n=10, Amide Ilke-3

O mL the mixture =» Washing with 3
1g L of THF =» Drying under

vacuum for 12 h.

126




,.‘,D‘-YTE'C-&
® +

®:
,; Institut Polytechnique de Paris

<
og oP

<\TUT

S

7

Sonication of the using an
ultrasonic bath (100 W) for 3 h

at

o™

%YQD DJ room temperature = Filtration
o @]

10 mg GDQ o _oJ | THF PTFE

’ @

MWCNT 10 mL membrane = Washing with
10 mg excessively with THF,

CH2Cl2 and diethyl ether =
Collection of a black solid the

functionalized sample.

sonication for 30 min =» Stirring

260 mg N/A | vigorously at room temperature

300

MWCNT CH2Cl2 for 24 h =» Filtration and

washing thoroughly with CH2Cl:

3.2.2.1. Rate of one-pot functionalization

The M5 molecule was studied by spectroscopic methods to investigate MWOCNT
functionalization with the molecule using one-pot approach. The emission and absorption
spectra of the molecule in THF at six different concentrations are depicted in Figure 59 to

identify the linearity domain of the molecule's solubility. The chosen concentrations are:
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Sample S1 Sz Ss Sa Ss Se

Concentration (M) 10% | 2x10° | 4x10° | 6x10° | 8x10° | 107

UV-Vis spectroscopy Emission spectroscopy

I5BXRIIIP MONEB.IIUIIU0 )

{{r‘r 35TAIIAP UOHLIJUIINO0)

5

1 — e T
350 400 450 500 800
Wavelength (nm)

Figure 59. UV-Vis and emission spectrum of the M5 molecule (excitation wavelength = 371nm).

Based on the values of intensity for UV-Vis and emission spectra at 390 and 580 respectively,
Table 7 presents the calculations of the linearity domains of luminescence for M5 with its

concentration.

Table 7. Calculations of the linear relationship between concentration of M5 with UV-Vis and

emission spectra.

[C] (M) 10° 8x10° | 6x10° | 4x10° | 2x10° | 10 Linear relations
Emi = 10°[C] + 2167.3
| Abs >
0.527 | 0.429 | 0.318 | 0.233 | 0.124 | 0.059
At390 nm i _ Emi=2167.3
- 10°
Abs = 51436[C] + 0.0142
lEmi
13415.3 | 11513.0 | 9763.0 | 7784.6 | 4512.7 | 2534.4 >
At 580 nm
] = Abs — 0.0142
B 51436

128



,.‘,D‘-YTE'C-
] *
() 2
,  Institut Polytechnique de Paris

% <
‘pg eP

<\TUT

(%)

To test the effectiveness of One-pot functionalization, the following samples were prepared,
and the described procedure was applied.

% Sample 1: 1.9 mg M5 + 1.9 mg MWCNT + 10 mL THF
« Sample 2: 3.0 mg M5 + 2.0 mg MWCNT + 10 mL THF
% Sample 3: 5.6 mg M5 + 3.2 mg MWCNT + 19 mL THF

At the bottom of the flask, a solution of M5 in THF is collected, and the exact volume of THF
was measure. Then, using the calibration relations introduced in Table 7, the concentration of
the solution in the flask and subsequently the mass of recovered M5 for each sample is
calculated. These calculations are summarized in Table 8. To take into consideration the
quantity of spilled M5 in different stages including transferring from the vial to the PTFE

membrane or the quantity trapped in the membrane, the calculated values were multiplied by a

value of 1.2.
Table 8. Calculations of the functionalization rate with One-pot method.
Molecule Rate of functionalization
Estimated recovered remaining M5
to CNT (remaining M5/initial
M5 mass (mg) mass on CNT (mg)
weight CNT)
ratio Emi Abs Emi Abs Emi Abs
1 1.4 1.3 0.5 0.6 0.26 0.31
15 2.3 2.2 0.7 0.8 0.35 0.40
1.8 3.8 3.9 1.8 1.7 0.56 0.53

Raman spectroscopy was conducted to compare the impact of different initial ratios in this
functionalization method. As evidenced by Figure 60, a clear influence of the initial M5

quantity is observed. The band at 1233 ¢cm™ is indicative of pyrene derivatives.*%
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Figure 60. Effect of initial weight ratio on the Raman spectra in One-pot functionalization.

3.2.2.1. One-pot functionalization validation by Fourier transform
Infrared (FTIR)

IR measurements were carried out on pristine multi-walled carbon nanotubes (MWCNT) ink,
a solution of M5, and the functionalized solid with M5. For the measurements of the pristine
MWCNT and the molecule, one drop of the ink or solution was placed on the plate of the IR
device and the background was recorded in their respective solvents (NMP for the ink, and
THF for the molecule). To record the IR spectra of the functionalized sample, the solid was

placed on the plate and the background was recorded in air.

The results are shown in Figure 61. The two main characteristic bands that are seen on the
molecule sample and have been transferred to the functionalized sample are at 2850 cm™ to
3000 cm™ and at 3650 cm™. In the literature, the former is indicative a stretched C—H bond
and the later reflect OH and C=N bonds,**? which are found in the molecule structure (Figure
51).
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Figure 61. IR spectra of functionalization of MWCNT with M5 molecule using one-pot approach.

3.2.2.2. One-pot functionalization validation by Raman

Figure 62 shows the results of Raman spectroscopy to characterize one-pot functionalization
method. In this method an initial mass ratio of 2:1 for M1 to MWCNT was chosen. As Figure
62 suggests, one-pot functionalization of MWCNTSs with M1 as a porphyrin-based molecule
results in an augmented level of graphitic structure. It is particularly important to note that the
functionalization with M2 molecule could result in different spectra with more intense d band,

since the M2 molecule has 8 ether chains that could affect the graphitic texture.

Raman study of porphyrins is explained in literature by numerical calculations and
experimentation.®® In this work the Raman spectra of M2 Molecule was collected as a
reference for porphyrin-based molecules via crystalizing using a slow evaporation of solvent

(DCM) on an SiO> substrate at room temperature.
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Figure 62. Raman spectra of functionalized MWCNT with M1 using One-pot approach and the M2

molecule as a reference for porphyrin-based molecules.

3.2.2.3.  One-pot functionalization validation by UV-Vis absorption

To investigate one-pot method with UV-Vis absorption studies, an initial mass ratio of 4:1 of
M4 to MWCNT was chosen. After performing the one-pot functionalization method, the
filtered solid was used to prepare an ink in NMP solvent using the usual ink preparation
method. Figure 63 shows the results of UV-Vis absorption. The absorption of MWCNT and

the solvent were also collected.
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Figure 63. UV-Vis absorption spectroscopy study of a M5 molecule and its trace in a functionalized

(filtration) sample.

The absorption of the M5 molecule shows two bands with the same intensity at 388 nm and
410 nm. On the functionalized sample, the same bands are seen in the spectra of CNT, which
indicates the presence of the M5 molecule in the sample, despite extensive washing with THF.
The results presented in Figure 63 are also indications of interaction between CNT and M4 as

pyrene-based molecule.

3.2.3. Functionalization by incubation

Incubation method to functionalize CNTs means immersing a substrate on which CNTSs are
deposited or a bulky layer of CNTs into a solution containing the desired functional group. In
the literature, this method has been described to be effective to functionalize CNTs with
Pyrene and Porphyrin groups. Some examples from literature are presented in Table 9 by

reporting parameters like incubation duration, temperature, and solution concentration.
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Table 9. Parameters of Incubation functionalization in the literature (schemes taken with permission).

Concentration

CNT Molecule Solvent Temperature | Time | Source
(mg/mL)
o
HQ._oH Q
E=0 A: 247
= =N 304
1| MWCNT un-s 9 | DMF Not reported | 1 hour
A
5 B: 3.96

2| SWCNT H CH3CN 0.173 20°C | Lhour. | 2

6 H,NH, PMA.HCI in Water 0.036% 24
3| SWCNT @ Q Not reported 27
Q Triethylamine to remove HCI hours
Putting 1 mg of the
Under
4 | SWCNT molecule with the CNT 215°C 3 days 292
vacuum

film under vacuum

Based on the information in the literature, the parameters for incubation functionalization
were optimized in this work. THF was used as the solvent for Pyrene-based molecules, and
Dichloromethane (DCM) was used for Porphyrin-based molecules, to prepare solutions of 100
mg/L. After applying the heating process (discussed thoroughly in the previous chapter) to the
CNT depositions, the substrates were immersed into the molecule solution. Then the vessel

containing the substrate immersed into the solution was kept in -20 °C for at least 48 hours.
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This time is enough to allow the contact between the CNT film and the molecules, while

ensuring that the solvent does not evaporate.

After the incubation was completed, the substrates were removed from the remaining solution
and annealed at 85 °C for 15 minutes. This temperature is more than the boiling point of the
solvents (THF and DCM) allowing a fast evaporation of the solvent. In the event of a slow
evaporation of DCM at room temperature for a porphyrin-based molecule, as shown in Figure
64, crystals of the molecule formed. This shows that when the solvent is evaporated slowly,
the molecules are dragged from the CNT surface into formation of crystals up to 10 pum in

size.

Figure 64. Creation of crystals of a Porphyrin-based molecule due to slow solvent evaporation.

After the annealing, the substrates were subjected to rigorous rinsing with DI water to
eliminate loosely attached molecules due to mechanical forces, and finally annealed at 95°C

for 20 minutes to evaporate any remaining of solvent.
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3.2.4. Compare the success of functionalization methods by Raman

The choice of functionalization methods, the effect of using different solvents, and the impact
of molecule structure on the success of the functionalization was studied by Raman
spectroscopy. In Figure 65, structure of the molecules and the solvents are presented. In this
study MWCNT was used. The choice of solvent means using the solvent in the MWCNT ink

as well as molecule solution preparation.

o S
a NN NN QOQ b
o C
(X I

90 ¢ O o d _Q
Cl Py e

Figure 65. molecules a) M4, b) M5, and solvents ¢) oDCB, d) DMF used to study the success rate of

functionalization by Raman spectroscopy.

Each of functionalization methods were applied following the procedures explained in detail
in this section. For the case of mixing method, the substrates were rinsed by excessive amount

of water after the deposition of the functionalized ink by inkjet printing.

As shown in Figure 66, for the case of using oDCB as solvent and functionalization with M5

molecule, the incubation method results in more changes to the Raman spectra.
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——ODCB M5 Incubation
ODCB M5 One-pot

——ODCB M5 Mixing

——Pristine MWCNT

1000 1100 1200 1300 1400 1500 1600 1700 1800 1900 2000

Raman shift (cm?)

Figure 66. Comparison of different functionalization methods for M5 molecule using oDCB as solvent.

As Figure 67 suggests, neither of the approaches were successful for the case of using oDCB
solvent to functionalize MWCNTSs with M4 molecule.

——QODCB M4 Incubation
ODCB M4 One-pot

——ODCB M4 Mixing

——Pristine MWCNT

1000 1100 1200 1300 1400 1500 1600
Raman shift (cm?)

1700 1800 1900 2000

Figure 67. Comparison of different functionalization methods for M4 molecule using oDCB as solvent.
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As depicted in Figure 68, for the case of using DMF as solvent, both mixing method and

Incubation work properly to functionalize MWCNTs with M5 molecule, with the incubation
giving better results.

——DMF M5 Incubation
—DMF M5 Mixing
——Pristine MWCNT

1000 1100 1200 1300 1400 1500 1600 1700 1800 1900 2000

Raman shift (cm?)

Figure 68. Comparison of different functionalization methods for M5 molecule using DMF as solvent.

As seen from Figure 69, functionalization of MWCNTs with M4 molecule in DMF is only

successful with the mixing approach, but with lower intensity compared to M4 molecule
depicted in Figure 68.
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—DMF M4

Incubation
—DMF M4 Mixing
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Figure 69. Comparison of different functionalization methods for M4 molecule using DMF as solvent.

It is also clear from Figure 70, that using DMF over oDCB as solvent results in better

functionalization and larger changes to the Raman spectra, when the incubation method is
applied to functionalize MWCNTSs with M5.

——DMF M5 Incubation
——ODCB M5 Incubation
——Pristine MWCNT

M

1000 1100 1200 1300 1400 1500 1600
Raman shift (cm?)

1700 1800 1900 2000

Figure 70. Comparison of different solvents for M5 molecule in incubation method.
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By comparing the solvent effect to functionalize MWCNTSs with M5 molecule in the mixing

method, as Figure 71 suggests, DMF solvent gives better results.

—DMF M5 Mixing
——ODCB M5 Mixing
—Pristine MWCNT

i)

1000 1100 1200 1300 1400 1500 1600 1700 1800 1900 2000

Raman shift (cm?)

Figure 71. Comparison of different solvents for M5 molecule in Mixing method.

By looking at Raman spectra in Figure 72, it can be noted that using incubation method to
functionalize MWCNTSs with the M4 molecule, while using oDCB as solvent doesn’t bring
any evidence of functionalization, using DMF as solvent results in a minor appearance of the

band at 1233cm™.
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Figure 72. Comparison of different solvents for M4 molecule in Incubation method

2000

However, Figure 73 suggests that to functionalize MWCNTs with M4 molecule in the mixing

method, using DMF as solvent results in the appearance of the characteristic peak of pyrene

derivatives at 1233 cm-L.

—DMF M4 Mixing
—ODCB M4 Mixing
—Pristine MWCNT

1200 1300 1400 1500 1600 1700 1800 1900 2000
Raman shift (cm?)

1000 1100

Figure 73. Comparison of different solvents for M4 molecule in Mixing method.
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From Figure 74, is also clear that using oDCB as solvent and the mixing method, M5

molecule changes the Raman spectra of MWCNTSs , while no evidence of functionalization is
seen by M4 molecule.

——ODCB M4 Mixing
—ODCB M5 Mixing
—Pristine MWCNT

S aad)
———

1000 1100 1200 1300 1400 1500 1600 1700 1800 1900 2000

Raman shift (cm?)

Figure 74. Comparison of Mixing functionalization for different molecule with oDCB as solvent.

The same analysis for the incubation method, using oDCB as solvent, reinforces the statement
that functionalization with M4 doesn’t happen, while with M5 molecule, the peak at 1233cm’?
appears with a large intensity, as shown in Figure 75.
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——ODCB M4 Incubation
——ODCB M5 Incubation
——Pristine MWCNT

1000 1100 1200 1300 1400 1500 1600 1700 1800 1900 2000

Raman shift (cm?)

Figure 75. Comparison of Incubation functionalization for different molecule with ODCB as solvent.

Also, again in the case of using oDCB as the solvent, the results from one-pot approach in

Figure 76 shows that functionalization of MWCNTSs with M5 molecule is more effective than
M4 molecule.

—ODCB M4 One-pot
—ODCB M5 One-pot
—Pristine MWCNT

1000 1100 1200 1300 1400 1500 1600
Raman shift (cm?)

1700 1800 1900 2000

Figure 76. Comparison of One-pot functionalization for different molecule with oDCB as solvent.
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In the case of using DMF as solvent and the mixing approach for functionalization, both

molecules bring changes to the Raman spectra, while the spectra with M5 molecule has higher
intensities according to Figure 77.

—DMF M4 Mixing
—DMF M5 Mixing
——Pristine MWCNT

1000 1100 1200 1300 1400 1500 1600 1700 1800 1900 2000

Raman shift (cm?)

Figure 77. Comparison of mixing functionalization for different molecule with DMF as solvent.

Finally, by comparing the spectra in Figure 78, it is clear that using the incubation method and

DMF solvent, M5 molecule functionalizes the MWCNTSs, while M4 molecule barely brings
any changes.
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——DMF M4 Incubation
——DMF M5 Incubation
——Pristine MWCNT

1000 1100 1200 1300 1400 1500 1600 1700 1800 1900 2000

Raman shift (cm?)

Figure 78. Comparison of Mixing functionalization for different molecule with DMF as solvent.

Table 10 summarizes the results of Raman study on 10 different samples based on the choice
of solvent, molecule and functionalization method. In the last column of Table 10, a color
code is introduced which presents the success rate of functionalization on a scale of 0 (no
changes to the spectra) to 10 (most changes to spectra in terms of the intensity of the band at
1233 cmt), which happened for the case of using DMF as solvent and the incubation method
for the functionalization of MWCNTSs with M5 molecule.
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Table 10. The comparative table of the success rate of functionalization with different methods using

Raman spectroscopy.

Success rate in terms of the
Functionalization
Sample | Solvent | molecule Intensity of the band at 1233
method
cm?
1 Mixing
2 M4 One-pot
3 Incubation
oDCB
4 Mixing
5 M5 One-pot 3
6 Incubation 7
7 Mixing 6
M4
8 Incubation 1
DMF
9 Mixing 8
M5

Results of this Raman campaign and Table 10 are important in understanding the impact of
the structure of solvents and molecules in the noncovalent interactions between CNTs and
pyrenes. It is clear that the incubation method has the best results simply due to the possibility

of using clean surface of CNTSs after the heating process.

On the other hand, in the case of using oDCB as solvent, the functionalization is less effective
than the case of using DMF. Looking at Figure 65, this can be attributed to the impact of
sonication on the degradation of oDCB, which results in the pollution of the CNT surface by
the sonochemicals.?*® These sonochemicals hinder effective functionalization and the Raman

results reinforce this.
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Finally, by looking at Table 10, we can see that functionalization with M5 is more successful
than M4. The reason for this can also be found in Figure 65 and the structure of the molecules.
Apart from the pyrene base, M5 has two benzene rings sandwiching a thiourea group that can
increase the conjugation size of the molecule and result in better mobilization on
MWCNTs.3%

3.3. Characterization of the chosen method for functionalization

The incubation method described in the last section of this chapter was chosen as the ultimate
method to functionalize CNTSs for the designated purpose of this research, sensors. There are

three main reasons for this decision:

- First, other functionalization methods are not compatible with the heating process
developed and discussed in the previous chapter, while the incubation method complies
with the limitations posed by the Heating Process.

- Second, the primary characterization carried out by Raman spectroscopy indicates that
the incubation method results in higher degree of functionalization.

- Third, the incubation method is compatible and easier than other methods for any

sensor development process.

In this section the characterization of incubation method as the ultimate choice of

functionalization will be discussed.

The functionalization of CNTs with pyrene and porphyrin molecules has been researched and
techniques such as Raman spectroscopy and TEM have been employed to characterize the
resulting composites.®® Noncovalent functionalization of SWCNTs with aromatic small-
molecule-based groups has been investigated, demonstrating the structural properties of the
functional molecules on the SWCNTs. Raman scattering spectra have been used to
characterize the coated layer on Si wafer surfaces, providing insights into the impact of

functionalization on the materials.>*” High-resolution microscopy characterizations have
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revealed the adsorption of porphyrin and phthalocyanine molecules on the surface of
SWCNTSs, highlighting the effectiveness of these techniques in studying the functionalization
of CNTs with specific molecules.®® The use of pyrene to introduce functionalities to CNTs
via n—= stacking has been well-established, underscoring the significance of noncovalent

functionalization in modifying the properties of CNTs.3%

These studies collectively demonstrate the diverse approaches and techniques utilized to
characterize the functionalization of CNTs with pyrene and porphyrin molecules, providing
valuable insights into the structural and optical properties of the resulting composites.
Different technics were used to characterize the functionalization of SWCNTs with pyrene

and porphyrin-based molecules. They will be discussed here.

3.3.1. Raman scattering

The interaction of pyrene and porphyrin-based molecules with SWCNT was investigated
through the examination of their Raman scattering. Figure 79 displays the Raman spectra of a

SWCNT deposition subsequent to incubation with a M2 as a porphyrin-based molecule.

Each spectrum presented in Figure 79 are an average of a map over an area of 10x10 um? that
comprises of 100 separate spectra. To obtain all spectra a laser of 532 nm was used. To
prepare the M2 molecule sample for the Raman study, a solution of the molecule in DCM was
casted on a SiO; substrate and the solvent was evaporated at room temperature allowing the

creation of crystals of the molecule.
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——Functionalized with M2 Molecule
——Pristine heated SWCNT

——Crystals of M2 molecule on SiO2 substrate

200 400 600 800 1000 1200 1400 1600 1800 2000 2200 2400 2600 2800
Raman Shift (cmt)

Figure 79. Evolution of the Raman spectra of SWCNT deposition after incubation with M2.

Observable changes are noted from the pristine SWCNT spectra (black) to the incubated
sample (red), revealing the emergence of several peaks. The peaks appeared at 1006, 1090,
and 1245 cm™ can be clearly found in the spectra of the molecule. The increase in the D peak
and the decrease of the 2D peak are the direct result of the coverage of the surface of

SWCNTSs with the porphyrin-based molecule.

The increase in the D band is a result of the creation of anomalies on the graphitic surface of
the CNT, while the decrease in the 2D band is evidence for the increased number of the
conjugated layers stacked on one another. This argument is the reverse argument provided in
the previous chapter regarding the destruction of the amorphous matter from the surface of the

CNTs, which resulted in less intense D and more intense 2D peaks.
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Figure 80. Raman spectra of a SWCNT deposition, before and after incubation with M5.

Figure 80 shows the Raman spectra of SWCNT deposition after the heating process and the
same sample after incubation with M5 molecule. There are new bands that appear on the
spectrum after functionalization including the usual band for pyrene derivatives at 1233 cm™.
Other important changes that should be mentioned are the increase in the intensity ratio of D
band to G band (increased anomalies of the surface due to the presence of pyrene molecules)
and the decrease in the intensity ratio of 2D band to G band (immobilization of conjugated

system and the increase of the number of sp? layers).
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3.3.2. TEM analysis

The TEM images of pristine SWCNT after the heating process are depicted in Figure 81.a. As
discussed earlier, a noticeable decrease in the amorphous matter is observed in this sample
after the heating process. However, upon incubation with each molecule, the SWCNT surface
is found to be occupied by the respective molecule. The occupation of the SWCNT surface
with porphyrin-based molecules is illustrated in Figure 81.b and Figure 81.c for M1 and M2
molecules, respectively. It is observed that the functionalization with M2 appears to be more
efficient, homogeneously covering a larger surface, likely attributed to the longer chains of

ether that facilitate enhanced functionalization.

Lastly, Figure 81.d presents the incubation of SWCNTs with M5, a pyrene-based molecule.
The images clearly indicate that M5 molecules do not cover the entire CNT surface, indicating
a lower yield of functionalization compared to porphyrin-based molecules. This observation
aligns with the size of their conjugated system and is consistent with the results obtained from

emission spectroscopy and Raman scattering.
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Figure 81. TEM image of 4 samples: a) pristine clean SWCNT after heating, b) SWCNT incubated
with M1 molecule, c) SWCNT incubated with M2 molecule, d) SWCNT incubated with M5 molecule.

3.4. Conclusion on the functionalization of CNTs

The development of effective functionalization for SWCNTSs involves a nuanced and intricate

process. In this study, three distinct functionalization methods were explored. In the case of
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the mixing method, the clear presence of the molecule in the CNT ink negated the need for
specific characterizations. Conversely, with the one-pot functionalization approach, where
uncertainty existed regarding the presence of the molecule in the solid state alongside the

CNTs, various spectroscopic proofs were employed to substantiate the functionalization.

Considering the observed impact of sonication on the quality of CNTs and the surface
occupation by amorphous matter, it became apparent that the mere presence might not imply
electronic exchange between aromatic molecules and CNTs. Consequently, an investigation
into the incubation method was initiated post the cleaning process. This comprehensive
analysis revealed that the functionalization method induced structural alterations, influenced

wall occupation, and altered the morphology of CNTSs.

Having successfully assembled another piece of this intricate puzzle, it can be asserted that a
material in the solid state has been created, capable of serving as a sensor. This achievement
propels the research forward, setting the stage for the upcoming discussion in the subsequent

chapter.

After developing an effective functionalization pathway for SWCNTs, it’s time to proceed to
the ultimate goal of this project and apply the functionalized CNTs in the development of
sensing devices that can interact with analytes in water. The next chapter will discuss different
types of sensing devices, and it will not be exclusive to the case of incubated SWCNTSs, where

the results of other types of functionalization and MWCNTSs will also be discussed.

153



Institut Polytechnique de Paris

154



ik
ki

Fourth Chapter

Sensing devices based on CNTs
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4. Sensing devices based on CNTs.

After discussing the process of CNT purification in the form of thin-films and their
functionalization with conjugated bridges, in this chapter the design, fabrication, and sensing
mechanism of functionalized CNTs will be discussed. Chemiresistive sensors have a simple
mechanism that profit from the electronic properties of CNTs to transduce a chemical

interaction.

4.1. Components of electrical resistance

In traditional resistors, the resistance is homogenous in the material and follows the Pouillet's

law?310 as:

Where p is the resistivity of a homogenous material in QQ/mm, A is the surface in mm? and 1 is
the length of the resistor in mm. In the conventional resistors, the electronic properties of the
metal govern the behavior of the device, and the role of wiring and the circuit is neglected in

the performance of the device.

However, to create a chemiresistive sensor, by using solvent-based deposition methods, a
random network of CNTSs is created and there are two main differences with conventional

resistors:

- First; a random CNT deposition is consisted of hundreds of thousands of tubes with
different electronic and chemical properties, due to the difference in their shape, size,
and chirality.3!! This component of resistance is more complicated since because apart

from the importance of conductivity (resistance) of each tube in the network, every
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contact between different CNTs has also a role in the resistance of the network, giving
infinite number of possible small components.”

- Second; in the case of sensing devices, the resistance at the metallic contacts have an
important role3? and is referred to as Schottky barrier. This component governs the
interactions at the contact of CNTs and the metallic electrodes.®'® It is a metal-
semiconductor junction that exhibits rectifying behavior, acting like a diode with large
currents flowing for forward bias and significantly smaller currents flowing for reverse

bias.314

Based on these two fundamental differences, Figure 82 show a simplified schematic of a CNT

network deposited between two gold electrodes.

Figure 82. Schematic of different resistance components in a CNT-based chemiresistive device.

4.1.1. Transfer Length Method (TLM)

The TLM method has been widely utilized to characterize the resistivity and contact resistance
of CNT networks. Jiang et al. employed the TLM along with other methods to characterize the
resistances of vertically aligned CNT forests with intrinsic bottom contacts.3'® The TLM
method assumes a horizontal contact geometry, equipotential contact metallization, and
identical resistivity underlying the contact.3'® This method has been crucial in providing

insights into the resistive properties of CNT networks.
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The details of the TLM measurements are depicted in Figure 83. On the left, the complete chip
shape (captured by an optical Confocal microscope) is displayed, featuring multiple electrode

systems. The system selected is indicated by the blue rectangle.

CNT deposition

1200 pm

Figure 83. Image of the CNT depositions, the electrodes, and their dimensions used for TLM

measurements.

The TLM system comprises of 7 gold electrodes with similar dimensions, albeit with varying
spacing between them. The values of the spacing, along with the dimensions of the rectangles,
are specified. The shape of the deposition is also depicted on the right side, captured by the
camera of the Dimatix printer. Rectangles measuring 1200 pum * 3600 pm were printed on the

electrodes for each sample, as demonstrated by the red rectangle in the image in the middle.

Four inks were chosen for the TLM measurements: one-day old pristine MWCNT ink, nine-
day old pristine MWCNT ink, 58-day old pristine MWCNT ink, and 11-day old pristine
MWCNT ink after functionalized with M4 molecule. For each deposition, 6 resistance values
were measured between every two neighboring electrodes and the values are reported in Table

11. The values of CNT deposition length are also reported in the table.

For developing models to characterize the TLM method, the following assumptions are

considered:
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- The relations provided are not general and are only applicable for the presented
geometry of electrodes.

- The Resistance is proportional to the length, resistivity, and reverse of width. The effect
of thickness is neglected since in all the depositions the same number of layers (five

layers) were printed.

Table 11. The values of the measured resistance for the four ink types

Total Resistance (k)
Electrodes | L (um) | One-day old Nine-days old 58-days old 11-days old ink after
pristine ink pristine ink pristine ink functionalization
Cl-C2 100 10.2 4.2 6.1 28.7
C2-C3 100 9.8 5.1 5.9 32.4
C3-C4 100 8.9 4.5 7.0 23.3
C4-C5 300 17.4 6.3 8.0 62.5
C5-C6 450 21.0 9.1 9.3 87.7
C6-C7 600 23.8 11.7 12.8 92.3

Based on the data of Table 11 and the assumptions listed, the model and the TLM system can

be explained as:

where
_ prL
cht m
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In these equations, L is the effective length of the CNT deposition, W is the width of the
deposition, which is equal to 1200 um, p is the resistivity of CNT film, and t is the deposition

thickness. The parameter of characteristic resistance (Rs) which equals% is defined to avoid

complexation of the model due to the thickness difference of the deposition. Also, R¢ is the contact

resistance between the CNT deposition and the gold electrodes.

Therefore, the relation in Erreur ! Source du renvoi introuvable. can be written as:

R _ RsxL
cnt 1200

Based on this simplified version, the resistance between every neighboring electrode will

follow:

Re = (15(5)0) *L+ 2R

Rs
1200

This is a simple regression that can be written as y = ax + b, where a = and b = 2R.. By

using the data provided in Table 11, the values of a and b, and therefore the values of Rs and

Rc can be calculated which are presented in Table 12,

Table 12. Calculation of Rs and R in each approach to model the circuit.

One-day old Nine-days old 58-days old | 11-days old ink after
Parameters

pristine ink pristine ink pristine ink functionalization
Rs (kQ) 35.61 16.46 13.97 168.59
(error%o) (8) 9) (14) (11)
Rc (kQ) 3.51 1.52 2.49 7.92
(error%) (11) (14) (11) (32)
Rz factor 0.967 0.967 0.924 0.956
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4.2. Design of sensing devices and characterization procedures

4.2.1. InterDigitated Electrodes on Si/SiOz (IDE)

Figure 84 on left shows the first type of chip used for characterizing the sensing properties of

CNTs, fabricated at ESIEE as supplier. The substrate is silicon wafer with a layer of SiO2 (450

nm). The chip is divided into four sections, each comprising of 10 interdigitated electrodes

(IDE) and the metal used in platinum. On the right side of Figure 84 each geometry is shown.

Details on the dimensions of their electrode fingers and their corresponding resistance for

printing 5 layers of MWCNTSs ink as a comparative measure is reported in Table 13.

Table 13. Dimension details and Resistance values of IDE geometries.

Electrode Electrode Electrode
Resistance of device with 5
Geometry | finger width finger spacing | effective length
layers of MWCNT ink (Q)
(um) (Hm) (um)
A 30 100 5130 886
B 5 100 6100 1265
C 30 30 3720 242
D 30 100 19650 2380
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Figure 84. IDE substrates comprising of four different geometries of interdigitated electrodes.

It should be noted that the total dimension of each device is 1200 * 600 pm, and the resistance
values are average among 10 devices in one batch of printing. As it is clear from the values
shown in Table 13, geometry C has a lower resistance for the same volume of CNT ink. For

device fabrication, the entire surface of the device was printed with CNT ink.

4.2.1.1. Protection layer fabrication for CNT deposition in IDEs

After depositing CNT ink, it is preferable to protect the deposition from release into water.
Apart from protection of CNTSs, limiting the access of water to the electrodes can result in
more stability and durability of sensors by avoiding electrochemical impacts. Therefore, the
deposition of a porous protective layer was studied. The material of protection must have the

following characteristics:

- Compatible with thin-film deposition methods,
- Hydrophilic nature to allow the contact between water and the CNT layer,
- Pore size smaller than CNT length to limit the dissipation of CNTs in water.

- Insoluble in water,
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- Inert to the changes of water pH (at least in the pH range of 6-8) and to the
concentration of other common water analytes.
Block copolymers are a class of self-assembled materials that are composed of
macromolecules with covalently connected segments of two or more different repeating units.
These hybrid molecules can form ordered structures with nanometric heterogeneities. Nano
porous membranes derived from block copolymers are being pursued as desirable materials
for controlled separations due to their pore size tunability, narrow pore size distributions, and

the ability for selective functionalization.3!’

Nguyen et al. in 2018 deposited a mixture of polystyrene-block-Polymethylmethacrylate (PS-
b-PMMA) and polylactide acid (PLA) in acetone, on a modified silicon wafer. First, a
network of cylinders with a PMMA shell and a PLA core was formed in within a continuous
matrix of PS. By selectively removing PLA, 4-9 nm porous domains were created. Further
PMMA removal revealed a second porosity level, with higher pores diameter and center-to-

center distance.318

Another experimental work with block copolymers was done by Vayer et al., where they
deposited a self-assembled layer of PS-b-PLA by spin-coating. They observed the formation
of a porous PS thin film with well-ordered cylindrical channels oriented perpendicularly to the

surface of the film as shown in Figure 85.3°

1.00
0.75
0.50

0.25

0
0 0.25 .50 . 1.00

um

Figure 85. / um? AFM image showing grain boundary at the surface of the porous film.3°
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Polymethylmethacrylate (PMMA) is commercial polymer that has a wide range of
applications e.g. acrylic glass also known as Plexiglas. PMMA has also acted as hydrophilic
waterproof breathable layers, which means they are a good choice for the protection of

materials in water.320

PMMA was purchased from Sigma Aldrich (Mw = 55900, M, = 54000, PDI = 1.03). Thin-
films of PMMA were created on a silicon substrate using spin-coating. The solution of
PMMA was deposited by spin-coating, and the surface was observed by AFM imaging.
Different surface and matrix morphologies of the deposition were obtained based on the
concentration of PMMA and the rotational speed of the spin-coater. It was observed that
surface defects in the form of pinholes appeared on the surface of films spin-coated at 8000
rpm from a 1.25% solution with a thickness of 8 nm. The deposition was either post-baked at

170°C for 60 min in an oven or left in a low vacuum chamber for a few days.3?

Since the procedure of synthesizing polymers to use as a protective layer for CNT thin film is
complex and control of the reactions to create thin layers is almost impossible, an alternative

way to create pores is required.

The process of phase inversion, also known as non-solvent induced phase separation
(NIPS),%?2 is a technique utilized for creating pores in thin polymer layers. When a water
immiscible polymer solution like PMMA in toluene come into contact with water, phase
inversion occurs. In this process, water occupies some areas of the surface, displacing the
PMMA-toluene solution. Subsequent temperature annealing leads to the vaporization of both
water and toluene, leaving behind a porous PMMA structure.®?® This method offers precise
control over membrane structure by influencing the kinetics and thermodynamics of the phase
separation process. The speed of precipitation, rates of solvent movement, and the type of
demixing event during phase separation collectively determine the final porosity and structure

of the membrane.3?4

In the end, the complete process to add the protective layer can be described as the following
steps:
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steps. First, a highly concentrated solution, the mother solution, is prepared with a
concentration of 175 mg/mL and should be stirred overnight. The final solution is diluted from

the mother solution and has a concentration of 5 mg/ml.

Spin-coating: As shown in Figure 86.a, the connection pads of the chip are protected by tape
to avoid the deposition PMMA over the pads. Then the chip is fixed on the holder of an Ossila
spin-coater. For deposition, the machine is run for 60 seconds at the rotational speed of 1000

rpm, then 90 seconds at the speed of 3000 rpm.

Figure 86. Image of (a). placement of the taped chip on the holder, and (b) the Ossila spin-coater.

NIPS process: After drop-coating the PMMA solution, the chip is immersed in a solution of
5wt% CaCl; in water for 1 minute. After removing from the solution, the tape is removed, and
the chip is annealed at 80 °C for 3 hours to evaporate both solvents (water and toluene). The
remaining deposition after annealing, is network of PMMA with CaCl, salt, which can be

removed by rinsing with water.
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4.2.1.2. Wirebonding, waterproofing and characterization method for
IDEs

The next step in sensor fabrication process is to adapt the electronics for use in water. For this
reason, a Printed Circuit Board (PCB) is used as an electronic bridge between the chip and the

measurement Keithley devices.

Figure 87. The PCB used to connect the chips to the measurement system.

To make the connections, first the chip is glued to the specific area on the PCB, and using a
wire bonding machine connection between the pads of the chip and the pads of the PCB is
made. In Figure 88, the wire bonding machine is shown as well as some examples of the

connections between pads using 25um diameter gold wire.

Figure 88. Wire bonding machine and the connection between the chips and the PCB.
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After wire bonding, it is essential to use UV curable resin to cover the pads and the connection

to conserve them against water penetration.

For characterization of the sensors, the head of the PCB where the sensor is located is
immersed in a container. The container is connected to two pumps, one for circulating water,
and the other for ejecting the water. The other end of the PCB is inserted to a homemade
receptor wired to an Analogue Front End (AFE) which modulates the electronics of each
sensor. An AFE is a component specifically designed to manage analog signals from sensors
or transducers by providing functions such as amplification, filtering, and analog-to-digital
conversion.3?® The container is a controlled system where the chemical content of water can be

controlled.

4.2.2. Simple electrodes on Si/SisNa (SIN)

Figure 89 shows the structure of a chip cut from a silicon wafer with a layer of SiO2 (450 nm)
and SisN4 (110 nm) on top of one another. The chip is like the IDE chips, with 10 normal set
of electrodes at top left. As shown in Figure 89, the CNT ink is printed on all the surface of

electrodes.

10 mm S mm

Figure 89. SIN substrates with four sections. Only the area at top left is used.
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To characterize this type of sensors, a probe station is used, where the probes are placed on the
pads of the chip and the electronics can be managed using a Keithley device. For the
characterizations using this system, a few drops of water with known volume are placed on the
CNT deposition in a way it covers the entire surface. The probing is done between pads 1A
and 2E (Figure 89), which have the longest distance from one another. To change the
chemical composition of the water, smaller drops of water (containing the analytes) is added
on the surface, and it is homogenized by careful movements of the micropipette tip inside the
drop. The concentration of the analyte in the water on the sensor can be calculated by knowing

the volumes and concentrations of the added drops.

4.2.3. Simple electrodes on Quartz integrated with a MicrocChannel (UCQ)

In the design of the previous devices, a great importance has been given to the scale of the
devices, which allows the acquisition of multiple sensing devices on one single chip.
However, for the sake of better understanding of the phenomena that results in the sensing
properties of functionalized CNTSs, it is necessary to put more focus on the sensing

mechanism. For this reason, new devices were designed and fabricated (Figure 90).

4.2.3.1. Metal evaporation using RIBER

For the new design, a shadow mask was designed using LibreCAD software and it was
fabricated at STEEC micromechanics fabrication* from 304L stainless steel with a thickness
of 200 um and tolerance of 50 um. The shape and dimension of the electrodes are shown in

Figure 90.a.

4 https://www.steec.fr/

168


https://www.steec.fr/

,.‘,D‘-YTE'C-&
® +

®:
,; Institut Polytechnique de Paris

<
og oP

<\TUT

S

As discussed in the previous chapters, quartz is an interesting substrate due to its compatibility
with the deposition method, the heating process, and the functionalization method. Therefore,
the gold electrodes were deposited on quartz substrate using a RIBER evaporator through the
designed mask. Figure 90.b shows an image of the initial device with the electrodes. The
thickness of gold deposition can be controlled using the RIBER evaporator interface, and a
thickness of 200 nm was chosen. It is important to note that since the adhesion of gold is not
strong on quartz and glass, a thin layer of Chromium (15 nm) is first deposited using the same

mask.

After the evaporation of gold electrodes, a 9*9 mm square of the CNT ink is deposited on the

electrodes as shown in Figure 90.c.

4.2.3.2. Design and fabrication of microfluidic channel.

For the characterization, a Polydimethylsiloxane (PDMS) microfluidic channel was designed
and fabricated (Figure 90.d) to avoid the contact between the electrodes and the water
containing the analytes. Water has been shown to significantly affect the reactivity of gold
catalysts.3®  Observations suggest that the presence of water influences the hydrogen
evolution reaction on gold electrodes, leading to oxide formation.®?” Therefore, protecting the
contact of water and gold electrodes, could prevent oxidation of the electrodes and its impact

on the sensing performance of devices.

When nitrogen is subjected to plasma, it can lead to the generation of nitrogen radicals
through direct ionization of nitrogen molecules by electron impact, resulting in the formation
of molecular ions and subsequent dissociative recombination with low-energy plasma
electrons.3?® When two surfaces are exposed to plasma in nitrogen environment, their surface
becomes extremely reactive and the recombination of the ions can result in their attachment.
Through this process, the PDMS microchannel was attached on the chip.3?® The final product
is illustrated in Figure 90.e. The plasma treatment was done only for 45 seconds to avoid

overheating the surfaces, and then the microchannel was attached on the substrate.
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Figure 90. The design and fabrication process of uCQ sensing devices.

4.2.3.3. Resistance study in uCQ

The resistance of the devices at each stage of the fabrication process is measured to monitor
their evolution. To determine the optimal resistance range, it is crucial to consider factors such

as sensitivity, response range, and noise levels. The resistance range significantly impacts the
performance of these sensors.

Research by Liu®* emphasizes the necessity of a sensing channel with moderate conductivity
for chemiresistive sensors. Very low resistance can lead to limited sensitivity and a narrow
response range, while high resistance can cause excessive noise and a low signal-to-noise

ratio. Therefore, an ideal resistance range should strike a balance to ensure optimal sensor
performance.
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influenced by the CNT content. Sensors containing 2% CNTSs displayed the highest sensitivity
within the tested strain range. This suggests that adjusting the CNT content can optimize the

resistance range of CNT-based sensors to enhance sensitivity.

Moreover, Ishihara et al.**? discussed that nanocarbon-based chemiresistive sensors exhibit
responses that are 2-3 orders of magnitude lower than those of metal oxide-based sensors.
They highlighted the importance of using the variation of normalized electric resistance for
sensing response. This implies that selecting the resistance range for CNT-based sensors

should ensure a detectable response while addressing baseline drift.

Collectively, these studies illustrate the importance of the resistance level for specific
application. Therefore, this phase of monitoring is important to track the behavior of sensing

devices.

In a trial to target this subject, multiple sensing devices were subjected to resistance
monitoring. The resistance of devices is proportional to the volume of deposited ink. On
different devices, 300, 500, 800 and 1200 uL of the SWCNT ink was deposited. At least 10
devices were studied for each volume, and after averaging their resistance values at each

stage, the results are illustrated in Figure 91.

As shown in Figure 91, for each device, the resistance has the lowest value after the ink
deposition (first stage). After the heating process (second stage), the resistance of devices
increases 3.9 times on average (from 3.3 kQ to 12.7 kQ). This is simply due to the destruction
of some of the CNTSs during the necessary heating process. As a reminder, the loss of CNTs is
usually due to the destruction of more defective CNTs that are more complicit in the
functionalization process. Based on Figure 91, the resistance of a device, with 1200 pL of the
ink after the heating process could be similar to the resistance of a device with 400 pL of the
ink before the heating process. This indicates that due to the heating process, only almost 35%
of the CNTs responsible for conductivity remain intact, illustrating that heating process has a

more destruction impact on metallic CNTs.
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Functionalization of CNTs has also a significant impact (1.6 times larger) on the resistance
due to the introduction of insulating organic compounds. Another explanation for the reduced

conductivity after functionalization is the reduced mobility of electrons in the w orbitals of the

CNT network.
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Figure 91. The evolution of resistance of devices with different steps of fabrication.

Finally, it is also very important to investigate the evolution of the resistance of the devices
after the attachment of PDMS microchannel. The interaction between plasma and CNTs leads
to various modifications in the properties of CNTs, affecting their structure, functionality, and
applications. Plasma treatment can introduce physical and chemical defects on the surface of
CNTs, such as increased oxygen content.®® It is crucial to note that intense plasma treatment
can also damage the CNTs due to high-energy particle bombardment.3* For this reason,
during the fabrication process, the CNT deposition was protected. Two small magnets with a

diameter of 4 mm were placed on each side of the substrate and the CNT deposition was
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protected by a small piece of paper. Despite protecting the CNT layer, the average resistance

of multiple devices with different initial ink volume deposited increased 4 times.

This process is important to determine the necessary volume of initial CNT ink to obtain

desired resistance.

4.3. Characterization of the sensing devices

After the fabrication of different types of sensing devices (IDEs, SINs, and pCQs) in this
section, the results of some of the characterization campaigns will be discussed. It is important
to note that the characterization of different device types was not simultaneous and, in this
project, the collective results of sensor and material characterization led to change the
functionalization method, the CNT type and the device type. The results discussed in this
section represent different characterization campaigns that led to the better understanding of

the impact of CNT type, functionalization method, and the device type.

4.3.1. MWCNT IDE devices to detect free chlorine.

Chlorination of sodium hypochlorite is a well-researched topic with significant applications in
various fields such as disinfection, water treatment, and chemical reactions. Sodium
hypochlorite, commonly known as bleach, is a chlorine-releasing compound widely used for
its disinfecting properties.®® The chemical reactions involving sodium hypochlorite are
intricate and can result in the formation of harmful by-products when combined with organic
matter, underscoring the importance of proper handling and disposal practices.®*¢ Studies on
the degradation pathways of compounds like thiuram in the presence of sodium hypochlorite

have provided insights into the mechanisms involved in such reactions.®3’
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Figure 92 illustrates the chemical structure of FF-UR conjugated polymer.3*® This polymer is
composed of a fluorene backbone which are functionalized either with two alkyl chains to
improve solubility and interaction strength with CNTs, or with two identical sensing groups,
namely a urea group NH-CO-NH positioned between two phenyl groups. The polymer's
ability to non-covalently functionalize CNTs is demonstrated through molecular dynamics
simulations,®*° while its sensing capabilities are analyzed using density functional theory with
an implicit solvent model.34

In essence, the formation of complexes with anions via hydrogen bonds (particularly
hypochlorous ions) is expected from the urea group, while for cations, the interaction with the
phenyl groups is strengthened through cation-n interactions with the oxygen of the urea,

resulting in a stronger interaction energy compared to anions, especially for Mg?* and Na*.34°

Figure 92. Chemical structure of FF-UR polymer used for the detection of free chlorine.

When hypochlorite is added to water, it also reacts to form hypochlorite ion and hydroxide:
NaOCI + H20 = OCI" + OH"

These forms can exist together and the relative concentration of each depends on the pH of the

solution and not on whether chlorine gas or bleach was added:

HOCI < OCI + H+
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The pH of water significantly influences the balance between hypochlorous acid and
hypochlorite ions. As the pH of a solution increases above 6, the percentage of hypochlorous
acid decreases from nearly 100% to close to 0% at pH 9. Hypochlorous acid exhibits much
greater bactericidal activity compared to hypochlorite, being approximately 80 times more
potent. Consequently, in free residual chlorination, a higher pH leads to reduced effectiveness
of the residual chlorine due to the lower presence of hypochlorous acid. This relationship is

illustrated in the graph depicting the equilibrium shift with varying pH levels.3*
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Figure 93. Relationship Between HOCI and OCI- at Various pH Values.®

As Figure 93 show, at a slightly basic pH of water, free chlorine is present as OCI with a
higher percentage compared to HOCI. This relatively small deviation from the neutral pH,

makes FF-UR polymer a good receptor for OCI with stronger interaction energy.34

Using the mixing approach of functionalization (explained in chapter 3) MWCNTs were
functionalized with FF-UR polymer with a mass ratio of 1:1.5 (MWCNT: FF-UR). Table 14

represents the data of characterization of an IDE chip against the concentration of free

5 https://www.hydroinstruments.com/files/Basic%20Chemistry%200f%20Chlorination.pdf
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chlorine at pH of 8. The IDE chip contained multiple devices on some of which a pristine
MWCNT ink was printed and, on the others, functionalized ink. The chip was wire bonded on
a PCB and fixed inside the container with the rotational pump. 500 mL of DI water was
circulated using the pump, and at certain times, the concentration of free chlorine content was

increased as shown in detail in Table 14.

Sensitivity of the devices is calculated by the slope of changes between the initial and final
concentrations, and as the data in Table 14 show, the more resistive a sensor, the more
sensitive it gets. This implies that for more conductive films of CNT, small changes to the

electronic properties, does not result in impressive sensing signals.

Table 14. Data of characterization of sensing devices based on functionalized MWCNTs with FFUR-

14 polymer.
Resistance (k(2)
Time | Concentration
Pristine devices Functionalized devices
(min) (ppm)
P1 P2 P3 P4 F1 F2

0 0.00 29.3 10.6 5.2 52.9 95.3 348.3
15 0.10 29.2 10.6 5.3 52.9 98.1 340.6
49 0.55 29.4 10.9 5.3 54.0 99.2 346.3
83 1.50 295 10.6 5.3 52.9 975 339.4
117 2.12 29.5 104 5.2 52.7 94.7 338.9
152 2.83 29.1 10.3 51 51.9 94.6 326.7
188 3.84 28.2 10.2 51 51.2 91.0 326.3
Sensitivity (k€)/ppm) -0.20 -0.12 -0.05 -0.49 -1.50 -5.41
Noise (kQ) 0.06 0.02 0.01 0.10 0.32 0.59
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Figure 94 summarizes the change in the normalized resistance with respect to the chlorine
concentration. Both the table and the figure suggest that the resistance of the sensors increases

at first for the addition of Chlorine but decreases as the chlorine concentration increases.

It should be mentioned that a constant current of 1.6 HA was used in this characterization, and

the delay between each measurement is 35 seconds.
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Figure 94. Response of pristine (P1, P2, P3, and P4) and functionalized (F1 and F2) IDE devices to

the concentration of free chlorine in water.

The result of this characterization and similar ones using IDE devices are important in
understanding the working function of these devices, the impact of different parameters like
the level of resistance and the current bias, as well as the difference between the performance

of devices based on pristine or functionalized MWCNT.

The results obtained here imply that the functionalization of MWCNTs do not have an
important impact on the performance of the sensors in terms of sensitivity. As Figure 95
shows, the sensitivity has a linear relationship with the baseline resistance for all types of
devices (pristine or functionalized). This implies that functionalization only impacts the initial

resistance values, and does not result in any changes to the sensitivity.
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Based on these results, it is important to tune the resistance level, and try different
functionalization methods. It should be noted that the MWCNTSs used in this campaign were
not subject to the heating process, meaning that their functionalization could be ineffective as
the ramifications of sonication, as described in the second chapter. For the rest of the project,
focus will be put on other analytes that have a direct sensing mechanism instead of the sensing

of free chlorine which is more complicated due to the impact of pH level.
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Figure 95. The relationship between the sensitivity and the baseline resistance for IDEs based on
MWCNT.

4.3.2. Detection of pH

Analyzing the pH of drinking water is a crucial aspect of ensuring water quality and safety for
consumption. Various studies have highlighted the significance of monitoring pH levels in
drinking water to assess its suitability for human consumption. The World Health
Organization (WHQO) recommends that the pH of drinking water should fall within the range
of 6.5 to 8.5.3*2 This pH range is considered optimal for human health and indicates water that
is neither too acidic nor too alkaline. Deviations from this range can impact the taste, safety,

and overall quality of the water.343
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Studies have shown that pH levels outside the recommended range can have adverse effects.
For instance, acidic pH levels in drinking water have been associated with an increased risk of
diabetes.3** On the other hand, water with a pH of 9.0 to 9.5 has been found to result in higher
digestion coefficients for certain components in lambs compared to water with a pH of 5.5 to
6.0.3%

Monitoring pH levels in drinking water is essential for assessing water quality and ensuring it
meets regulatory standards. Studies have employed various methods to analyze pH, including
using standard analytical techniques,®*® high-performance liquid chromatography,®’ and

spectrophotometric methods.348

In this section, the application of different sensing devices fabricated in this project for the
detection of acidic and basic aqueous solutions will be discussed. Parameters like deposition
method, functionalization method, the efficiency of functionalization and electronics are
important to be optimized to obtain sensors to read real values of pH. On this note, the work
done in this project is the efforts to understand the sensing mechanism of a pyrene-based
molecule. Figure 96 shows the chemical structure of M3 molecule. The hydroxide function

gets oxidized by reacting to H* ion in water which is the indicative of pH as: pH = —log [H+].

Figure 96. Chemical structure of M3, a pyrene-based molecule for the detection of water acidity.

4.3.2.1. MWCNT IDE devices to detect pH

For this characterization, a single IDE chip was employed, with only two devices being
printed and analyzed. The decision to print on just one device per side aimed to prevent small
distances between adjacent CNT depositions, which could impact sensor functionality.

Additionally, previous characterizations revealed that devices connected to the same ground
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electrode exhibited similar behavior, despite differences in deposition materials (molecules or
polymers). To address this, deposition was limited to specific devices connected to different

ground electrodes, as shown in Figure 97.

Figure 97. Chip used for the characterization of IDE device for the detection of pH. The device

bordered in red was printed with Pristine ink, and the device in green with functionalized ink.

The devices were functionalized with the M3 molecule using the incubation method. During
incubation, one side of the chip was carefully immersed in the DMF solution containing M3
molecules while keeping the other side away from the molecule. Following the incubation
process, the chip was wire bonded onto a PCB for long-term characterization, spanning over
11 days.

For the characterization, the PCB was immersed in the control container and 700 mL of DI
water was circulated using the pumps. The real time pH of the circulating water was collected
using an electrochemical pH sensor from Atlas scientific. For changing the pH of the
circulating water, at different times, 10 uL of HCI (1 M) or 50 pL of NaOH (2 M) ware added
to the control container. It should be mentioned that a constant current of 2 A was used in

this characterization, and the delay between each measurement is 5 seconds.

Figure 98 shows the results of this characterization for the devices with respect to the changes

to the pH of the circulating water. The changes in the pH level of the circulating water are
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embedded in the figure and the change in the normalized resistance of the pristine and
functionalized devices are shown in the figure. The base resistance for the pristine device is 17
kQ, and for the functionalized device is 27.8 kQ, due to the functionalization. As Figure 98
suggests, the decrease in the pH results in a decrease in the resistance level in both type of
devices, and behavior of pristine and functionalized devices seem almost identical. However,
the results obtained from this characterization are interesting in drawing a full picture of the

interactions of M3 molecule toward the changes in pH.
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Figure 98. Result of the characterization of one IDE chip with only two printed devices.
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4.3.2.2. SWCNT SIN devices to detect pH

SIN devices were also used for the characterization of the response of M3 molecule to the

changes in the pH of an aqueous solution. In these characterization, two changes were applied

compared to the previous section.

- First, instead of MWCNTs, SWCNTs were used that due to their more important

contact resistance, and lower resistivity, they are more prone to the chemical changes to

their environment.

- Second, the use of SIN devices does not necessitate the wirebonding step which could

harm the active material and make the results unreliable.

Using the Dimatix printer, SWCNT ink in NMP was printed on the SiN to fabricate devices.

The solution of M3 molecule was prepared in THF for the incubation of the functionalized

devices, and the characterization steps are summarized in Table 15. As the table shows, at

different times after the start of the measurement, acidic or basic solution are added to the

device.
Table 15. The timeline of analyte addition to the SiN devices.
Time (min) Action
40 + 100 pL water
100 +2 uL 0.01M HCI
107 + 2 puL 0.01M NaOH
118 + 2 uL 0.01M HCI on the functionalized / + 2 pL. 0.01M NaOH on the pristine
130 + 2 pL 0.01M NaOH on the functionalized / + 2 uL 0.01M HCI on the pristine
138 +2 puL 0.01M HCI
147 + 2 uL 0.01M NaOH on the functionalized / collecting the water from the pristine by
paper
160 + 2 uL 0.01M HCI on the functionalized / NO action to the pristine
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Figure 99 demonstrates the outcome of these characterizations for pristine and functionalized
sensors. The presented results are averaged among three characterizations for each type of
device. One important difference that outstands the other changes from the previous
characterization, is the decrease in the resistance of the devices after adding water to the

sensor. This outlines the importance of the CNT nature in the sensing mechanism.

Apart from the general behavior of CNT types, by looking at Figure 99, it can be noticed that
the functionalization does not result in an increased amplitude of sensing, but the working
function of the sensor in terms of stability and reproducibility increases. It should be
mentioned that a constant current of 1 pA was used in this characterization, and the delay

between each measurement is 5 seconds.
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Figure 99. The results of the cartelization of pristine and functionalized (with M3) SIN devices for

responses against the changes in the pH of water.
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As Figure 99 shows, the initial addition of water to the SWCNT devices results in the sharp
decrease of the resistance values (notable in the functionalized device). However, as noticed in
the previous cases (Figure 94 and Figure 98) addition of water to a deposition of MWCNTS
leads to an increase in the device resistance. The decline in the conductivity of MWCNTSs after
contact with water may be ascribed to the interaction between water molecules and the
MWCNTSs, which can disrupt the formation of a conductive network within the material 34
Conversely, when water is introduced to SWCNTSs, it has been observed that the conductivity
can actually increase. This rise in conductivity with the addition of water to SWCNTs may be
attributed to the unique structure and properties of SWCNTSs, which can enhance electron

transport in the presence of water.

4.3.3. MWCNT SiN devices to detect pH, Dissolved oxygen, and Cu (I1)

In this campaign, 12 SiN devices were fabricated by printing an ink of MWCNT in NMP. As
shown in Table 16, three target analytes were chosen; pH, Dissolved Oxygen (DO), and
Copper (I1) ions. As discussed in the previous section, M3 is a molecule that can selectively
interact with H*, and as mentioned in the previous chapter, M2 molecule interacts selectivity

with the level of Dissolved Oxygen (DO) in water.

Table 16. SIN devices for the characterization of multiple molecules and multiple analytes.

Sensor Number Molecule Analyte Initial Resistance (kQ)
1 pH 111
Pristine
2 Cu (1) 12.5
MWCNT
3 Dissolved Oxygen 12.7
4 M3 pH 30.9
5 (Pyrene) Cu (1D 80.4
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6 Dissolved Oxygen 59.1

7 pH 47.8
M2

8 Cu (I1) 20.1

(Porphyrin)

9 Dissolved Oxygen 20.1

10 pH 25.7
M4

11 Cu (1) 24.9

(Pyrene)
12 Dissolved Oxygen 16.9

The thiourea function in M4 molecule has the properties for complexation with transition
metals.3*° Therefore, this molecule was added in the characterization campaign for the sake of
comparison and investigating the sensing properties. As a reminder, M4 molecule had the

poorest degree of functionalization on the CNTSs.

It should be mentioned that for all the characterizations of this section, a constant current of 1

MA was used in this characterization, and the delay between each measurement is 10 seconds.

4.3.3.1. Detection of pH

For the characterization against the pH of water, 100 uL of DI water was added to the device
at the minute 50. To change the pH of the water, drop, 6 puL of an HCI solution of 0.01M was
added to the water drop at minutes 100, 127, 150, and 189, and 6 pL of an NaOH solution of
0.02M was added to the water drop at minutes 113, 137, 163, and 177. The times might be

different for different characterization.

Figure 100 shows the results of the characterization. While the pristine device has negligible
sensing toward the changes in the pH, the device incubated with M3 molecule has more

sensitivity. However, the direction of the changes among the devices are the same, where
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adding a base result in an increase and adding an acid result in a decrease in the resistance of

the devices.

It's noteworthy that the M2 molecule has enhanced the device's sensitivity, likely due to the
oxidation or reduction of the complexed palladium within its structure, as discussed in the
third chapter. Conversely, when the device was incubated with the M4 molecule, it displayed
no sensitivity towards acidic or basic solutions. The peak observed at minute 115 is merely

noise caused by mechanical disturbance following the addition of a drop.
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Figure 100. Results of characterization of Pristine and Functionalized sensors with M2, M3, and M4
molecules against the changes in the water pH.

4.3.3.2. Detection of DO

Dissolved oxygen is an essential parameter in water quality evaluation, critical for sustaining

aquatic life.*>> Adequate levels facilitate the oxidation of harmful compounds into beneficial
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substances,®? and its concentration serves as a key indicator of water quality, directly
affecting aquatic respiration.®®® Defined as the amount of oxygen dissolved in water bodies,
dissolved oxygen plays an important role in metabolic processes and ecosystem balance.3%43%
Studies indicate seasonal variations in surface water oxygen concentrations, typically ranging
between 4.51 and 6.21 mg/L.%%® Maintaining optimal levels, especially in aquaculture, is vital
for fish growth and survival, with recommended concentrations between 5.77 and 6.90
mg/L,*" and above 5 mg/L for successful aquaculture practices.®® Various factors, including
temperature and fish overcrowding, can influence dissolved oxygen levels, emphasizing the

need for careful monitoring in water quality assessments.3°9360

Sodium sulfite (Na.SOs) serves as a widely used oxygen scavenger across diverse
applications, effectively reducing dissolved oxygen concentrations in solutions.? Its utility
has been extensively researched, demonstrating its efficacy in eliminating oxygen from
solutions, particularly in water treatment and microfluidic systems for creating hypoxic
environments.**1362 The concentrations employed vary depending on the application, with
studies showcasing precise control over oxygen levels and notable effects on reaction
kinetics.62:363 Additionally, sodium sulfite exhibits potential as a growth promoter for certain

organisms, further highlighting its versatility in both biological and chemical processes.3

For the characterization of the sensors against the changes in the level of DO, the sensor was
kept in air for the first one hour to obtain a stabilized resistance value. After one hour, 100 puL
of a fresh solution of Na>SOz in DI water (100 ppm) was added on the device, and it was left

for two hours.

Figure 101 shows the results of the characterization of the devices against the addition of the
oxygen scavenger. For the pristine device, the resistance increases as soon as the water is
dropped on the device. This is the same known behavior of the devices based on pristine
MWCNT. For the case of M4 and M3 which are pyrene-based molecules, the resistance of the
devices increases as well, however the increase is smaller than the case of the pristine
MWCNT. This can be attributed to the fact that the presence of the molecule acts as a barrier
and prohibit the interaction of water with MWCNT.
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However, as Figure 101 shows, for the case of adding the oxygen scavenger on the M2-
functionalized device, the resistance drops to 35% of its value immediately. This is due to the
consummation of the oxygen molecules adsorbed on the M2 molecule by the Na>SOz. The
migration of oxygen as a highly electronegative agent from the functionalized MWCNT to the
solution, results in the increased conductivity of the MWCNT (+M2) network. However, since
the measurement is done in air, the water drop interacts with the oxygen in air and the oxygen

level is partially restored. This results in the restoration of the resistance level.
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Figure 101. Results of characterization of Pristine and Functionalized sensors with M2, M3, and M4

molecules against the changes in the DO level in water.
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4.3.3.3. Detection of Copper (I1)

For this characterization, a solution of CuClz in DI water at the concentration of 21.3 mg/l was
prepared. This concentration is equivalent to 10 ppm of the Cu (Il) ion. After leaving the
devices for 50 minutes in air, first 100 uL of DI water was added on the device. After this
addition, at the minutes 68, 120, 160, 200, and 300, 5 pL of the initial solution of CuCl; in DI
water was added to the water drop. This gives an estimated concentration of 0.50, 0.97, 1.43,

1.85, and 2.26 ppm. The times could vary for different devices.

The results of this characterization are shown in Figure 102, which suggests very poor
sensitivity of the fabricated devices toward the analyte. The poor sensitivity of the M4
molecule toward Cu (Il) could be attributed to the low degree of functionalization, as

discussed in the previous chapter.
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Figure 102. Results of characterization of Pristine and Functionalized sensors with M2, M3, and M4

molecules against the concentration of Cu (1) in water.

189



51\TUT °

LY T
<0 Ec';g.

NOE

»  Institut Polytechnique de Paris

%
‘pg e?

4.3.4. SWCNT pCQ devices to detect Glyphosate.

The importance of controlling the glyphosate content of water and soil was discussed in the
previous chapter. As explained, M5 molecule (Figure 103 left) has shown interesting
preliminary results for sensing glyphosate. In this section, the application of uCQ devices for
the detection of the glyphosate content of water will be investigated. The chemical structure of

Glyphosate is shown in Figure 103.

HO

Figure 103. Reminder of the chemical structure of M5 molecule and Glyphosate.

For the device fabrication, SWCNT ink was deposited on pCQ chips, and the standard

incubation method was applied to functionalize the devices.

To conduct the characterization, the devices were securely mounted on a surface, and the
electrodes were connected to the probes of the Keithley device. A small tube was affixed to
facilitate water input, while a beaker was positioned to collect the output water. The opposite
end of the tube could extend outside the setup and be linked to a syringe. This configuration
enabled the injection of water into the microchannel without disturbing the electrodes.
Adjusting the concentration of the liquid within the microchannel was straightforward: the

syringe could simply be used to introduce a new solution, displacing the previous one.
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characterization, with a measurement delay of 0.625 seconds between each reading. Figure
104 illustrates the results of the characterization of pristine and M5-functionalized devices
against the concentration of glyphosate in DI water. The behavior of these devices is like other
SWCNT-based sensors, where addition of DI water results in the decrease of resistance.
However, it can be observed from the figure that while the pristine device has a random
behavior but with an increasing tendency of the resistance, the resistance of the functionalized

device decreases with a repeatable manner.
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0,95
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Figure 104. Results of characterization of Pristine and Functionalized with M5 molecule pCQ devices

against the concentration of Glyphosate in water.

Since the addition of Glyphosate solution on the devices was shifted between the two sensors,
Erreur ! Source du renvoi introuvable. clarifies the moment of each addition on both s

€nsors.
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Table 17. complementary information to Figure 104..

Time for Pristine device

Time for Functionalized device

Solution (min) (min)
DI water 4 4
[Glyphosate] = 0.5 ppb 47 45
[Glyphosate] = 20 ppb 90 85
[Glyphosate] = 300 ppb 137 131
[Glyphosate] = 1000 ppb 183 168

For the sake of comparison, pristine and M5-functionalized devices were also characterized
against the concentration of copper. After the injection of DI water at the minute 16, Cu (l1)
solution of 0.5, 1, 3, and 5 ppm were injected at the minutes 30, 70, 105, and 155 respectively.
As Figure 105 shows, while the pristine device is disturbed by the addition of Cu (1) ions, the
functionalized device does not have any response to these additions. This is because the
SWCNTs have been effectively covered with the M5 molecule, and they don’t have any
interactions with the copper ions.
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Figure 105. Results of characterization of Pristine and Functionalized with M5 uCQ devices against

the concentration of Zn(Il) in water.

4.4. Conclusions on the sensing devices

The main purpose of this chapter is evaluating the purification and functionalization of carbon
nanotubes (CNTSs) for their potential application in sensing devices. The results showcased
here are multifaceted, with each characterization offering specific insights into various factors
that influence the operational efficacy of chemiresistive sensors utilizing CNTs. Consequently,
lessons were gleaned from each characterization, informing optimizations in CNT processing
(particularly the heating process), CNT functionalization techniques, and the design and

fabrication of sensing devices.

This iterative process led to an evolution in the characterization of sensing devices,
transitioning from high-end devices (IDEs) employing untreated and inadequately
functionalized CNTSs, to more fundamental devices (LCQs) utilizing thoroughly characterized

materials.

Notably, the enhanced sensitivity of CNTs towards pH variations was observed following
successful functionalization with the M3 molecule. Furthermore, it was demonstrated that the
functionalization of CNTs with the M2 molecule imparted selectivity towards the
concentration of dissolved water. Lastly, employing pCQs enabled the selective examination

of the response of the M5 molecule towards Glyphosate.

While the results presented in this chapter may not be revolutionary within the realm of sensor
technology, they offer valuable and novel insights that can be further explored for the

advancement of chemiresistive sensors leveraging CNTSs.
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5. General Conclusion

In the first section of this report, proof was provided that dealing with carbon nanotubes for
sensing applications can be complex due to the nature of CNTSs, their sensitivity toward their
environment, and adsorption of amorphous matter. It is important to note that certain
procedures must be followed as a chain of choices to be able to move on to the application of
CNTs in sensors. These choices can be as delicate as the way of handling the substrates on. In
the present work, the process toward developing chemiresistive sensors was designed and

optimized step-by-step and the full chin of choices can be summarized below:

e Choice of the substrate: Quartz substrates due to their wettability characteristics, and their
ability to resist high temperatures.

e Choice of NMP as solvent: This is a complex matter since NMP is a toxic solvent and its
utilization is getting more and more restricted in Europe. However, in the scope of this project,
I used very little volume of NMP, and it is due to two reasons:

e First, the inks based on NMP are very stable and | noticed that compared to other
solvents like oDCB, inks based on NMP can last and still provide homogenous
depositions after 1 year. This is important, since for oDCB inks, they are not useful
after 1 month, and | need to prepare another ink and using more solvent.

e Second, in general, using Dimatix inkjet printer of even by drop casting, the required
ink volume to obtain sensing devices with resistances in our optimized range is very
low. Therefore, for the fabrication of 1000 sensors, only 200 ml of NMP and 15 mg of
SWCNT could be enough.

e Choice of Heating process: It is necessary to choose instruments and parameters that are
compatible with heating the substrates at 650°C.

e Choice of functionalization method: | perform the functionalization by incubation, because it
is the only option to functionalize clean SWCNTSs.

e Choice of sensing devices and characterization parameters: this topic is a perspective of this
report. After successful functionalization of carbon nanotubes with engineered molecules,

sensing devices can be fabricated and characterized against their respective analyte. However,
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the results are too preliminary and lack repeatability, and more investigation is an aim to
follow as perspectives of the work done.
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Since the content of the present work were divided in three main chapter, the perspectives for
possible future endeavors on this topic, will be provided in three subsections and are related to

each chapter.

6.1. Perspectives on the processing CNTs

In the present work, deposition of CNT thin films from a solvent are an important aspect that
shaped the chain of choices until the end. NMP and oDCB solvent were widely used and
studied to develop inks that are compatible with different choices of deposition and provide a
high stability of the ink over time. The question of stability is important in the quality of the
deposition as well as in avoiding harmful and toxic solvent. Throughout generous volumes of
these solvents were used to reach an optimized ink composition and deposition method. Once
this optimized process is defined, the ink consumption for the development of CNT thin films

IS minimized to an estimated value of 200 mL for every square meter of CNT film.

Even though this process has a relatively low solvent waste in lab scale, applying it in more
industrialized processes can result in more waste and more environmental impacts. Therefore,
ink development using water as solvent is an interesting topic. Although the water-based CNT
inks are well studied in the literature, but the necessity of using surfactants to disperse CNTs

Is @ major drawback and results in a low CNT quality.

To address this issue, the thin-films from water(+surfactant)-based inks can be subjected to
the heating process, ensuring the elimination of the surfactant, and acquiring high CNT thin-

film quality.
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6.2. Perspectives on the functionalization of CNTs

Like the argument of the previous section, the functionalization method described in this work
is in the continuation of the commitment to the solvent-based deposition of CNTs. After
different trials to find an optimal functionalization route, incubation method was chosen,

which is compatible with the thin-film preparation and purification.

However, the incubation process can be a complex interaction considering the different types
of conjugated bases. As a completion of the work done in this work, numerical studies on the
interactions that happen at the CNT-molecule interface can provide deeper understanding of
the noncovalent functionalization. Different Density functional theory (DFT) and molecular
dynamics (MD) approaches can be used to simulate the infamous n-m interactions in the

presence of solvents used for each molecule.

As a perspective experimental work, using evaporation of thermally stable molecules to
incubate CNTs in vacuum can result in extremely efficient incubations. Although this method
can have limitations in terms of the choice of the molecule, it can open an interesting gate to

the science of surface chemistry and noncovalent functionalization.

Experimentally study the impact of CNT chirality on their functionalization efficiency is

another topic that can help understand the functionalization mechanism.

6.3. Perspectives on the sensors based on CNTs

Developing sensors to detect analytes in water can be a profound topic of research and
development in different levels. Therefore, the perspectives for future works in both vertical
and horizontal directions can be exhaustive and limitless. However, based on the experiences
obtained from the present work, the following topics can be extremely interesting in probing

toward real world remote sensors.
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- A more profound study of the interaction chain from analyte to the electrode in a
chemiresistive sensor using numerical approaches can be the subject of great amount of
research. Understanding these interactions and tracking the mobility of electrons also
from a quantum mechanics point of view can result in the deeper understanding of the
sensing mechanisms, and the development of more efficient interfaces (analyte-
molecule, molecule-CNT, CNT- CNT, CNT- metallic electrode).

- Electrochemical investigation of a system where usually a charged analyte is present in
an agueous environment, is an interesting topic. Studying the redox reactions at the
level of CNT and metal can provide deep understanding of the sensing process and the
electronic interactions between the CNT and the interfaced molecule. Cyclic
Voltammetry (CV) in the presence of water and Electrochemical impedance
Spectroscopy (EIS) studies on the devices can be subject of massive interesting
research.

- Understanding the role of metallic and semiconducting CNTs in a randomly deposited
network is another perspective that can help future development of CNT-based
chemiresistive sensors. There is a relationship between the role of conductive CNTSs in
creating a resistive base and the role of semiconducting CNTs in modulating the
sensitivity of sensors. This relationship is impacted by the parameters of Ohm’s law,
which are voltage, current and resistance. In other words, for each CNT composition
with different metallic to semiconducting ratios, there is an optimum resistance value
and current bias that allows the sensor to function better. Study of this topic can result

in impressive advancements in the domain.
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Titre : Fonctionnalisation non covalente de nanotubes de carbone avec de nouveaux ligands aromatiques
conjugués pour la détection sélective des polluants de I'eau.

Mots clés : Impression jet d’encre, Capteurs chimiques résistifs, Fonctionnalisation non covalente, Microscopie

¢lectronique, Capteurs multi paramétres, Qualité de I’eau

Résumé: La nanotechnologie a apporté des
contributions significatives a la résolution des problemes
mondiaux, notamment en améliorant l'accés a I'eau
potable. Avec le changement climatique qui aggrave la
qualité de [l'eau, des solutions innovantes sont
nécessaires. Les capteurs nanotechnologiques permettent
une analyse a distance de la qualité de l'eau, essentielle
pour la gestion de crise. Ce travail se concentre sur
I'utilisation des nanotubes de carbone (CNT) en tant que
nanomatériaux bidimensionnels pour améliorer la
fiabilité des dispositifs résistifs. Un nouveau processus
de purification a été introduit pour éliminer les impuretés
amorphes, améliorant ainsi I'efficacité des dép6ts de
CNT a base de solvants. Cette approche vise a rétablir la
confiance dans des méthodes rentables et évolutives,
tout en répondant

aux préoccupations concernant la mauvaise qualité et la
forte teneur en matiéres amorphes. Dans la phase
expérimentale, les CNT ont été étudiés pour leurs
capacités électroniques et chimiques, aboutissant a la
création de nanohybrides avec des molécules
conjuguées via une fonctionnalisation 7w-m non
covalente. Apres avoir comparé plusieurs méthodes,
celle de l'incubation a été retenue pour ses résultats
prometteurs et sa compatibilité avec le traitement en
film mince. Les nanohybrides ont montré de bonnes
performances, et les dispositifs résistifs intégrés ont
donné des résultats préliminaires prometteurs pour
I'analyse de la qualité de l'eau, ouvrant la voie a des
développements futurs dans ce domaine.

Title: Noncovalent functionalization of carbon nanotubes with new conjugated aromatic ligands for

selective detection of water pollutants.

Keywords: Inkjet Printing, Chemiresistive chemical sensors, Noncovalent functionalization, Electronic microscopy,

Multiparameter sensors, Water quality

Abstract: Nanotechnology has made significant
contributions to solving global issues, particularly
by improving access to clean water. With climate
change worsening water quality, innovative
solutions are required. Nanotechnological sensors
enable remote water quality analysis, critical for
crisis management. This work focuses on carbon
nanotubes (CNT) as two-dimensional nanomaterials
to enhance the reliability of resistive devices. A new
purification process was introduced to remove
amorphous impurities, improving the efficiency of
CNT-based solvent deposition processes. This
approach aims to restore confidence in cost-effective
and scalable methods while addressing concerns
about poor quality and high amorphous content. In
the experimental phase, CNTs were studied for their

electronic and chemical capabilities, leading to the
creation of nanohybrids with conjugated
molecules through non-covalent -1
functionalization. After comparing various non-
covalent functionalization methods, the incubation
method was selected for its promising results and
compatibility with the thin-film process developed
earlier. The resulting nanohybrids were integrated
into thin films, which demonstrated high
electronic and chemical performance. These films
were further incorporated into different resistive
device concepts and tested against various analytes
in water. Although the results are preliminary,
they show promise for advancing water quality
sensor development.
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