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Résumé

Alors que la surface de la terre est recouverte à 70 % d'eau, environ un cinquième de sa population dispose d'un accès limité à cette ressource. Parmi les quatre cinquièmes de la population restante, environ deux cinquième souffrent de conditions sanitaires insuffisantes liées à l'eau. Paradoxalement, les populations ayant accès à des systèmes d'assainissement performants utilisent plus d'un tiers de l'eau potable traitée pour l'agriculture, l'industrie et l'utilisation domestique. La plupart de ces activités entrainent une contamination de l'eau par de nombreux « nouveaux » contaminants; les micropolluants. Ceux-ci peuvent être des composés pharmaceutiques, des produits de soin personnel, des pesticides issus de l'industrie chimique ou bien d'autres, et malgré leurs faibles concentrations, ils ont des effets tragiques sur l'environnement et la santé humaine [START_REF] René | The Challenge of Micropollutants in Aquatic System[END_REF]. En attendant que la communauté internationale applique des mesures socio-économiques en vue de limiter les sources de pollution, il devient urgent de développer des méthodes alternatives de purification des eaux (eau salée comme eau courante).

Dans cette vision globale, les technologies membranaires apparaissent comme porteuses d'avenir pour la purification des eaux, puisque les membranes ont pour fonction d'extraire spécifiquement certains composés d'un milieu en fonction de leur taille ou de leur nature.

De manière plus précise encore, l'émergence des nanotechnologies membranaires a permit le contrôle de la matière et de son transport à la dimension nanométrique. Ces passoires à l'échelle moléculaire permettraient ainsi l'extraction des plus petits polluants présents dans l'eau (micropolluants, ions). Ces filtres nanométriques offrent donc des possibilités accrues d'optimisation des méthodes actuelles de purification de l'eau, mais restent pour l'instant au stade de recherche fondamentale (2).

C'est dans cette démarche que l'utilisation de matériaux bidimensionnels (2D) pour la fabrication de membranes trouve tout son intérêt. Ces matériaux ont la particularité d'être constitués de feuillets d'épaisseur atomique (e.g. feuillets de graphène) qu'il est possible d'assembler précisément sous forme de structure lamellaire (see Figure 1). Dans cette configuration, les espaces créés entre les feuillets forment des capillaires de dimension nanométrique qui permettent le tamisage des molécules. L'avantage des matériaux 2D est que la taille, ainsi que les propriétés chimiques de leurs réseaux nanoporeux, peuvent être ajustées de manière précise afin de cibler différents types de contaminants (gaz, ions, polluants divers) (2). Les membranes à base de dérivés de graphène ont ouvert la compréhension fondammentale des mécanismes de transport en milieu confiné (3; 4) et restent les matériaux 2D les plus étudiés pour la séparation moléculaire. Notamment, les membranes en oxyde de graphène (GO) présentent des propriétés remarquables provenant de leurs chimie de surface particulière. Le réseau nanoporeux de GO combine des régions riches en groupements fonctionnels oxygénés qui assurent la pénétration des molécules d'eau dans la structure, ainsi que des domaines graphitiques qui accélérent leurs transports (1; 4; 5; 6). Néanmoins, le caractère hydrophile des fonctions oxygénées des feuillets de GO ont tendance à faire gonfler ces membranes en milieu acqueux, limitant ainsi leur utilisation pour des applications de purification des eaux (7; 8).

Résumé

D'autres matériaux 2D non-dérivés du graphène tels que le disulfure de molybdène (M oS 2 ) ont été étudiés sous forme de membrane pour des procédés de séparation (9; 10; 11; 12). Néanmoins, la difficulté de contrôle de la taille des capillaires dans les membranes en M oS 2 est un facteur limitant à leur utilisation (13).

Dans cette optique, cette thèse s'intéresse au développement de membranes à base de matériaux 2D innovants au profit de la purification des eaux. Afin d'assurer une stabilité maximale dans l'eau, nous choisirons de travailler avec des feuillets de M oS 

General context

Worldwide access to safe water is an unrelenting problematic of this century. Although 70 % of earth is covered of water, approximately 750 million people lack access to clean water. Sea and brackish water desalination could potentially overcome this issue but industrial purification processes are not currently able to meet the fresh water demand. In addition, industrialization and agricultural development has severely polluted available water resources with an emerging class of contaminants (2). Denoted as micropollutants, these can be pharmaceuticals, industrial wastes, pesticides or day-care residues, etc. .

Even when present in trace concentrations, micropollutants have drastic impacts on human health and environment and their removal represents an important challenge for the wastewater treatment processes. Consequently, it becomes urgent to develop alternative purification systems to answers the recent water security issues concerning both desalination and wastewater treatments [START_REF] René | The Challenge of Micropollutants in Aquatic System[END_REF].

Membranes technologies constitute a pertinent answer to tackle water crisis. As semipermeable barriers, membranes allow separating contaminants depending on various parameters including their size, charge and chemical affinity. Owing to their atomically thin structure, two dimensional (2D) materials have attracted much attention since the past decade as potential selective barrier for molecular transport. Indeed 2D nanosheets can easily be stacked into a lamellar structure, wherein molecules can selectively transport along the physical gap created in between the basal planes of two successive nanosheets (see Figure 1). Depending on their dimensions, such nanovoids or capillaries (i.e. the physical gap between the layers) can selectively allow the passage of small molecules while blocking large ones (3; 2). For instance, ideal 2D desalination membranes must have nanochanel size comprised between 2.8 Å (water molecule) and 6.6 Å (smallest ions) so that salt-free water can diffuse through the laminate. The main advantage of 2D laminar membrane is that the architecture of their nanoporosity can be precisely adjusted to remove targeted pollutants.

So far, graphene and its derivatives have proved their potential of application as membrane for water treatment and provided novel understandings of nanoconfined transport phenomena. In particular, seminal contributions from Nair's group have shown that stacking 2D materials such as graphene oxide can be used as nanolaminate membranes (3; 4).

The remarkable properties of the GO membranes are attributed to the unique surface chemistry of the nanosheets combining graphene-like and oxidized domains rich in oxygenated functional groups (1; 4; 5; 6). The graphene domains of GO nanosheets enable fast water diffusion thanks to large slip length whereas the oxygenated functions play the role of spacers allowing water to penetrate in the 2D capillaries (6). Unfortunately the oxygenated functional groups render GO nanosheets highly hydrophilic which causes uncontrollable swelling of the membranes [START_REF] Abraham | Tunable sieving of ions using graphene oxide membranes[END_REF]. The swelling of GO membranes currently limits the control of its porosity -dramatically harming the sieving performance -and eventually leads to irreversible degradation of the membrane integrity. Other 2D materials such as transition metal dichalcogenides have been investigated as nanolaminate membranes (9; 10; 11; 12).In 
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Membrane separation

The need of fresh water is estimated to 20 up to 50 L per person per day (WHO, UNICEF). However, more than one milliard of the world population has only access to water contaminated by industrial, agricultural or domestic wastes [START_REF] Filipe | Filtration membranaire (OI, NF, UF) Applications en traitement des eaux[END_REF]. Hence, almost 80 % of the diseases in developing countries are linked to unsanitary water quality. This major issue will continue to steadily grow together with the population increase, and the unreasoned industrial expansion.

Compared to the predicted shortage of oil reserves, hydric stress will be a step ahead devastating as there exist no substitute for water. The secured access to quality water in sufficient quantity is then one of the most challenging issue of this century. Membranes-that are physical semipermeable barriers-could potentially enable reliable and energy efficient water purification toward both human and industrial consumption and from both waste-and sea-water [START_REF] Elimelech | The future of seawater desalination: energy, technology, and the environment[END_REF].

Their use for waste water treatment could allow recycling water, what would partly solve the problem of access to water. The first section of this manuscript will set the basic grounds of membrane separative technology, from the principles, to the current industrial processes for sea-and waste-water treatment.
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on the application, and to achieve the optimum trade-off between these two concepts, a selective membrane has to be ideally as thin as possible to maximize its permeability while still being mechanically robust to insure stability during operation [START_REF] Zheng | Synthetic Two-Dimensional Materials: A New Paradigm of Membranes for Ultimate Separation[END_REF]. Membrane selectivity is characterized by the rejection ratio (R) given by:

R = 1 - C p C f (1.1)
where C p is the concentration in the permeate and C f in the feed . Membranes are commonly categorized depending on their retention abilities (size, shape and charge of the particles that they can block) and their corresponding filtration process (see Figure 1.2) [START_REF] Van Der Bruggen | A review of pressure-driven membrane processes in wastewater treatment and drinking water production[END_REF]. Depending on the pore size of the membrane, it will be tested for the latter filtration process:

-Reverse osmosis (RO) is used for partially permeable membranes that can remove almost all solutes including salts and metallic ions. RO is principally used for water desalination and ultra pure water production.

-Nanoflitration (NF) allows the retention of multivalent ionized salts and organic compounds of molar weight higher than 300 g.mol -1 . NF membranes membranes have pore size comprised in-between ∼ 1-10 nm.

-Ultrafiltration (UF) can block suspended polymers, proteins, colloids and other high molecular weight molecules. UF membrane pore size is ∼ 2-100 nm.

-Microfiltration (MF) can block suspended solids of hydrodynamic radius comprised between 75 nm and 10 µm (15)

Macromolecules larger than 10 µm are extracted using traditional particle filtration.

We note that some of these indicative domains are overlapping because the rejection limits are not precisely set.

1.2 Sea-and brackish-water RO Desalination process aims to produce drinkable water from sea or brackish sources. Around 80 % of the world desalination is performed using two processes: multistage flash distillation (MSF) or reverse osmosis (RO) membrane technology [START_REF] Xu | Graphene Oxide Nanofiltration Membranes Stabilized by Cationic Porphyrin for High Salt Rejection[END_REF]. While brackish water desalination is usually performed using RO, sea water desalination process depends on the available energy sources. For instance, Middle-East countries rather lean toward thermal processes, whereas RO has presented much wider acceptance in Europe due to its lower energetic requirements (25; 26). The decision toward either one of these technology is also dictated by the salinity of feed water, and the desired product quality [START_REF] Fritzmann | State-of-the-art of reverse osmosis desalination[END_REF]. Hence water can be classified depending on its salinity, where seawater has a total dissolved solid (TDS) concentration of ∼ 35 000 mg L -1 and brackish water correspond to a TDS of 1000-15000 mg L -1 [START_REF] Filipe | Filtration membranaire (OI, NF, UF) Applications en traitement des eaux[END_REF].

MSF consists in successive operations under decreasing pressure and temperature.

More precisely, successive sharp pressure reductions of sea water vaporize it before condensation. The process is repeated up to the desired purification refinement from salts and other species present in non-consumable quantity (see Figure 1.5,a). This technique has the advantage of producing high quality fresh water independently of the initial brine salinity. In addition, the treated solution has a low salinity comprised between 1 and 30 mg L -1 . Nevertheless, this process requires a large amount of electric and thermal energy what makes it environmentally and economically unfavorable.

On the other hand, RO is a membrane assisted process that produces drinking water of higher salinity ∼ 300-500 mg L -1 , when the World Health Organization (WHO) fixed the salinity of acceptable drinking water below 500 mg L -1 . Contrary to distillation, the quality of RO-treated water depends on the concentration of the brine. More importantly, RO is the most energy-efficient process for seawater desalination. However, although considerable optimization of this technology have been made (i.e. energy-recovering strategies, more efficient pumping systems) [START_REF] Fritzmann | State-of-the-art of reverse osmosis desalination[END_REF], further improvement of the membrane permeability has to be performed to reach more attractive cost/capacity trade offs.

Wastewater treatment

As an alternative source of fresh water, the treatment of water degraded by urban, domestic, or industrial use has historically been a major challenge. Formerly threatened by virus transmission due to poor sanitary conditions, nowadays, aquatic and human lifes are endangered by an additional problematic: micropollutants contamination. Although the clear amelioration of waste water treatment plants WWTP processes since the last several decades, micropollutants are only partly removed from water after conventional treatments.

Micropollutants; the current limitation of WWTP

First micropollutant contamination has been detected in surface and residual waters in the 60's because of its noticeable impact on the environment (i.e. eutrophication-and death-of fish) [START_REF] Hynes | The Biology of Polluted Waters[END_REF]. Its worldwide occurrence in the aquatic environment has then raised considerable ecological issues over the last few decades. Micropollutants (MPs) consist of a wide array of anthropogenic or natural substances. Although they are mostly present in water at trace concentrations (∼ µg L -1 ), their low quantities and large diversity render their detection and removal from wastewater very difficult (1) while they show drastic consequences on human health and aquatic life. The impact of MPs on the aquasphere has been mostly observed on fish through their feminization or reproductive disruption linked to the anthropological emission of estrogenic disputers (37; 38). Moreover the drinking water industry is also impacted by MPs emission because of their remaining trace of chemicals from the industry, veterinary and human pharmaceuticals (mostly antibiotic), hormones, or pesticides (39; 40). Nevertheless their impact on health is difficult to determine because of their possible recombination with other agents.

Depending on their nature, MPs can be more or less extracted through current wastewater treatment plants (WWTPs). For instance, more than 70 % of the relatively hydrophobic pollutants can be removed by sorption onto sewage sludge or biodegradation. This concerns heavy metals, flame retardants, several personal care products, pharmaceuticals, surfactants, or household chemicals [START_REF] Margot | A review of the fate of micropollutants in wastewater treatment plants[END_REF]. On the other hand, more hydrophilic compounds are difficult to extract. While some MPs tend to degrade (i.e. drugs, hormones), their consistent release or possible transformation can still sensitively affect aquatic organisms in the proximity (42; 43). On the other hand, the more stable compounds persist in water and can even get drifted to locations miles away from their sources [START_REF] Macdonal | Contaminants in the Canadian Arctic: 5 years of progress in understanding sources, occurrence and pathways[END_REF]. Hence, wastewater treatment plants (WWTPs) do not currently enable the elimination of MPs.

Figure 1.8 pictures the worldwide accuracy of some MPs after conventional waste water treatments while table 1.9 summarizes the relative problems linked to some pollutants.
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Governmental actions towards micropollution

Regulations to protect water quality are the keys to preserve both environment and human health. Governmental actions are undergoing worldwide to limit the rejection of such microcontaminant waste. In 2016, the Water Framework Directive (WFD), that is the corner-stone of European Union water policy, has fixed pioneer piece of legislation aiming to reduce microcontaminant pollution of aquatic ecosystem [START_REF] Carvalho | Protecting and restoring Europe's waters: An analysis of the future development needs of the Water Framework Directive[END_REF].

Locally, several member states have implemented national initiatives to reduce the health-and environment contamination by MPs [START_REF]Chemicals in European waters Knowledge developments-EEA Report[END_REF]. For instance, France has raised its "National plan against micropollutant 2016-2021" that aims to reduce MPs emission at the source and better assess their effects on public and environmental health [START_REF]National plan against micropollutants 2016-2021 to preserve water quality and biodiversity 1-9[END_REF]. On the other hand, Germany has boosted dialogue between the different actors that could limit emissions (i.e. waste water treatment plants, drinking water suppliers, environmental nongovernmental organisations, public authorities, etc.) using a "polluter pays" strategy. The whole purification targets contamininations arising from both industrial, domestic, veterinary and pharmaceutical activities [START_REF] Dessau | Waters in Germany -Status and Assessment[END_REF] -oxidation to remove inorganic contaminants, particulates, odor or taste -coagulation and floculation to extract colloids, microorganisms and precipitates -clarification and sedimentation where contaminants are simply removed by gravity -granular media filtration that physically sieve the bigger contaminants, while adsorbing some others -membrane filtration (MF, UF and RO)

-disinfection to control waterborne pathogenic organisms

The current strategy to limit microcontamination in WWTPs consists in granular media filtration using activated carbon that aims to adsorb micropollutants. But this technique is currently only able to remove a fraction of micropollutants. On top of that it requires regular desorption processes that either take time and energy or induce possible further contamination [START_REF] Mailler | Removal of emerging micropollutants from wastewater by activated carbon adsorption: Experimental study of different activated carbons and factors influencing the adsorption of micropollutants in wastewater[END_REF].

Two dimensional (2D) materials

As presented, membrane separation is a suitable answer to the raising water shortage issues that concern both sea-, brackish-and waste-water. However, strong material developments have to be pursued to tackle the limitations of these different processes. On one hand, increasing the efficiency of SWRO and BWRO membranes would lead to significant decrease in energetic consumption during desalination. On the other hand, strong sieving refinement of RO membrane in WWTPs is necessary to limit the proliferation of micropollutants in the aquasphere.

From this point of view, 2D nanoporous membranes have displayed great potential and attracted vast interest concerning the design of versatile nanodevices for water purification. Hence, their fine porous network could meet the precision of salt size exclusion needed for desalination, while insuring fast water transport. Besides, their versatile nature (organic, inorganic, hybrid) and easy possible modifications hold promise for practical applications. In the coming discussion we will review the use of 2D layered compounds for water treatment. 

Importance of dimensions

The change in dimension of a given materials has open gate to several unique features. The confinement of electrons in two dimensions provides unexpected electronic properties that have benefited the fields of electronic, optoelectronic and condensed matter physics [START_REF] Geim | The rise of graphene[END_REF].

Additionally, the large surface-to-volume ratio endows to reach important surface area, which is a critical parameter for electrochemical devices (i.e. catalysis, super-capacitors, batteries) (67; 68; 69). In a similar way, the large surface accessibility within the sheets allows modifications of their surface properties via functionalization, phase transition or defect generation (see Section 1.7.1). Some 2D nanosheets can be mechanically resistant, flexible and transparent what benefit next generation devices [START_REF] Tan | Recent Advances in Ultrathin Two-Dimensional Nanomaterials[END_REF]. Finally, the nanosheets possible stability and dispersion in solvent might facilitates their simple assembly as membrane.

2D crystal structure

To introduce the field of nanolaminate membranes, we propose to only present here the most studied 2D materials. A particular focus will be pointed to graphene-derived and M oS 2 nanosheets, as these materials will be further investigated in the following chapters. [START_REF] Novoselov | Two-dimensional crystals-based heterostructures: Materials with tailored properties[END_REF]. Considering the wide availability of transitional metals and chalcogens, myriad of TMDs can be tailored with versatile physical properties [START_REF] Chhowalla | The chemistry of two-dimensional layered transition metal dichalcogenide nanosheets[END_REF]. Chemical modification further enlarges the possibility to create new TMDs and will be adressed in a following section.

The nature of metal/chalcogen couple defines the electronic properties of TMDs based on hybridization of d-orbitals. This significantly differs from graphene where the filling of p orbitals dictates its electronic characteristics. Besides, the combination of metal and chalcogen atoms defines the thermodynamically preferred geometrical arrangement of the atoms. The crystal structure of a single layer of TMDs can be either a trigonal prismatic phase (2H or 1H)-where the chalcogen atoms are vertically aligned along the z-axis-or octahedral phase (1T) where one sulfur layer is shifted from the others (see Figure 1.11) [START_REF] Voiry | Chem Soc Rev Phase engineering of transition metal dichalcogenides[END_REF].

The development of single layer graphene has paved the way to the preparation of other monolayer materials. Therefore, the isolation of high-quality single layer nanoshets of TMDs could be obtained from (i) mechanical exfoliation ( 84), (ii) chemical exfoliation ( 85), (iii) epitaxial growth (86; 82) or (iv) chemical vapor deposition (CVD) [START_REF] Imanishi | Synthesis of MoS[sub 2] Thin Film by Chemical Vapor Deposition Method and Discharge Characteristics as a Cathode of the Lithium Secondary Battery[END_REF]. These techniques will be presented in section 1.5.

MoS 2 Within the multiple combinations of TMDs, MoS 2 has raised interest because of its particular physicochemical, electrical, biological and mechanical properties [START_REF] Wang | Environmental Applications of 2D Molybdenum Disulfide (MoS2 ) Nanosheets[END_REF]. Single layer are derived from the abundant and non toxic molybdenite mineral. Similar to graphene single layer MoS 2 possess excellent mechanical features with a Young's modulus of 270 GPa. This is higher than the bulk crystal MoS 2 and steel (∼ 240 GPa and 205 GPa respectively) [START_REF] Bertolazzi | Stretching and breaking of ultrathin MoS 2[END_REF].

Natural bulk MoS 2 exist as layered crystal composed of a mixture of two stable polytypes, namely the dominant and more stable hexagonal 2H-MoS 2 , and the rhombohedral 3R-MoS 2 -that both correspond to a trigonal prismatic configuration. Interestingly singlelayer M oS 2 exists under two polymorphs: the 1T and the 2H phase that show distinct electronic properties. The 1T phase is metallic whereas the 2H phase is semiconducting
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with a bang gap of 1.9 eV for a single layer nanosheet. The two phases differ from the arrangement of the S-atoms within the monolayer and both can easily convert to each other through an intralayer atomic sliding that involves a transversal displacement of one of the S plane. Experimentally, this can be done by electron transfer to the M oS 2 crystal, for example via lithium intercalation (2H→1T) or annealing (1T→2H). These two polymorphs can be observed by high resolution scanning transmission electron microscopy (STEM) (see A large body of work has been conducted since the past 20 years on bulk MoS 2 as environmental catalyst (92; 93) and adsorbent [START_REF] Takaoka | Removal of mercury in flue gas by the reaction with sulfide compounds[END_REF], a focused effort on isolating MoS 2 monolayer from bulk crystal and producing large quantities has emerged only recently [START_REF] Smith | Large-Scale Exfoliation of Inorganic Layered Compounds in Aqueous Surfactant Solutions[END_REF].Because of the confinement of charge carriers in the basal plane direction, the properties of single layer MoS 2 nanosheets differ significantly from its bulk counter part that is a semiconductor with an indirect bandgap of 1.2 eV. Through the decrease of overall thickness while exfoliation, the band gap increases up to to 1.9 eV for a monolayer of 2H-M oS 2 . In addition, 2H M oS 2 is a direct bangap semiconductor presenting a strong photoluminescence that is not observed for the bulk crystal due to its indirect nature.

2H phase is widely studied for electrical, photocatalytic and optoelectronic devices. On the opposite, metallic 1T M oS 2 finds great interest as a potential low-cost electrocatalyst for hydrogen evolution reaction with reduced overpotential and improved kinetics. M oS 2

acts as an excellent model from the large family of TMDs as other members possess similar structure and physicochemical properties. In addition, the surface of M oS 2 sheets is free from dangling bonds making its restacking as a membrane easy to control.

Clay minerals and layer double hydroxides (LDHs)

Clays are hydrous aluminium phylosicilates composed of tetrahedral silicate-and octahedral hydroxides-layers (see Figure 1.10,d). The two layers can either be alternatively stacked (e.g. kaolinite, serpentine), or one hydroxide sheet can be sandwiched between two silicate (e.g. montmorillonite, vermiculite) [START_REF] Hendricks | Crystal Structures of the Clay Mineral Hydrates[END_REF]. Most often, intercalated cations compensate and balance the sheets charges (e.g. K + , Na + ).

Layered double hydroxides (LDHs) belong to ionic lamellar species composed of positively charged brucite-like 2D nanosheets owning interlayer charge-compensating anion and solvated molecules. They present the common formula

[M z+ 1-x M 3+ x (OH) 2 ] m+ [A n-] m/n .yH 2 O] ,
where M z+ and M 3+ often represent divalent and trivalent metal ions filling octahedral holes. A n-is a charge-balancing ion or solvation molecule (see Figure 1.10,e) (97; 98; 99).

MXene

MXene, where the suffixe "ene" emphasizes their similarity to graphene, is a new class of 2D materials based on transition metal carbides and/or nitrides [START_REF] Abdelmalak | A New Family of Two-Dimensional Materials and its Application as Electrodes for Li-ion Batteries[END_REF]. In contrast with TMDs, MXene have several atom sublayers and they result from the delamination of their bulk parent MAX into M n+1 X n T x (M denotes transition metal, A stands for another element from group IIIA or IVA, X correspond to C and/or N, T x is the surface group such as -OH, -O or -F, and n=1,2 or 3) [START_REF] Kang | 2D Laminar Membranes for Selective Water and Ion Transport[END_REF]. MAX phase has a hexagonal structure wherein M layers have an almost hexagonal stacking with X atoms filling the octahedral sites [START_REF] Tan | Recent Advances in Ultrathin Two-Dimensional Nanomaterials[END_REF]. Chemical exfoliation of MAX phase into 2D MXene layers can be performed by selectively etching the A layer in acidic media (e.g. HF). The resulted nanosheets can endow three different structures ; M 2 X, M 3 X 2 , or M 4 X 3 (see Figure 1.10,d) [START_REF] Ma | Two-Dimensional Oxide and Hydroxide Nanosheets: Controllable High-Quality Exfoliation, Molecular Assembly, and Exploration of Functionality[END_REF]. MXene nanosheets are mostly synthesized from the selective etching from A phase of MAX via chemical exfoliation in acidic media (see Figure 1.32,a) (102; 103), what leads to negatively charged nanosheets with ∼ 0.6 nm interlayer spacing when restacked.

How 2D? Synthesis of 2D layered materials

Multiple routes have been reported for the synthesis of single-and few layer nanosheets of 2D materials with tailored properties. Fabrication methods can be divided into two general categories : (i) the exfoliation of bulk crystals by overcoming the weak intralayer Van der Waals bonds (top down process), and (ii) the synthesis involving the assembly of individual atoms to form a two-dimensional nanosheets (bottom up process) (see the example of graphene Figure 1.12). These two categories of synthesis will be discussed in the following section. 

Top-down method

Top-down synthesis consists in (i) mechanical or (ii) chemical exfoliation of bulk materials.

Mechanical exfoliation

Scotch-tape mechanical exfoliation led to the discovery of graphene by Geim and Novoselov and has now been applied to variety of 2D nanosheets (WS 2 (105), MoS 2 (106; 107), h-BN (107; 108), NbSe 2 (108) among others). The technique enables the separation of atomically few layer thick nanosheets [START_REF] Novoselov | Electric field effect in atomically thin carbon films[END_REF]. After peeling off the layers from their parent bulk crystal, they can be transferred onto an arbitrary substrate. Similarly, scotch tape exfoliation of MoS 2 has generated large, defect-limited and electronic-grade nanosheets (110; 111). oxide, where graphite flakes are oxidized with sulfuric acid (or mixture of acids) and then passivated with potassium permanganate that induces the formation of hydroxyl and epoxy functions. Oxidized sheets are then dispersed in polar solvent and exfoliated by sonication. This method is well known as Hummers or modified Hummers method (that use sulfuricor mixture of acids respectively) [START_REF] Hummers | Preparation of Graphitic Oxide[END_REF],Goncalves2009. This reaction has been further described in Chapter 2.3, Section 2.1.2.

The weak Van der Waals interlayer bonding of 2D crystals allows the intercalation of organic or ionic species between the nanosheets. This results in a decrease of the interlayer adhesion that reduces the energy barrier required for exfoliation. This mechanism constitutes another type of liquid exfoliation based on intercalation that has been mainly applied to TMDs and graphene (see Section 2.1.1). Further ultrasonic or thermal shock treatment have also been explored for the preparation of exfoliated monolayer nanosheets.

Ion exchange method is an exfoliation methods involving the inherent ions present in the free spacing of some particular layered materials to insure their charge neutrality (i.e. metal oxide, LDHs, clays). These ions can be exchanged with protons or bulk organic ions leading to a swelling of the structure that will facilitate their exfoliation upon ultrasonic treatment thanks to the decrease of the van der Waals interactions. Ultrasonic cleavage of bulk layered material dispersed in an adequate solvent canafter several hours-overcome the weak out-of-plane bondings between the layers [START_REF] Coleman | Liquid exfoliation of defect-free graphene[END_REF].

The generated ultrasonic wave induces cavitation bubbles that separate the nanosheets at the cost of the reduction of the size of the nanosheets. The precise choice of the solvent and the sonication parameters has to be investigated for each layered materials [START_REF] Hernandez | High-yield production of graphene by liquid-phase exfoliation of graphite[END_REF]. Nmethyl-pyrrolidone (NMP) has for example been identified as an adequate solvent for the ultrasonic exfoliation of monolayer graphene, h-BN and for some TMDs (85; 115). More specifically the CVD growth of MoS 2 nanosheets is detailed herein, and is the most compatible existing synthesis method for semiconducting technology. The most popular method consists in firstly vaporize and decompose Mo and S precursors (e.g. H 2 S or vaporized S) to subsequently grow MoS 2 layer on a substrate [START_REF] Voiry | Covalent functionalization of monolayered transition metal dichalcogenides by phase engineering[END_REF]. Several techniques have been developed to insure the growth of large area of continuous MoS 2 monolayer. For example, prior treatment of the substrate using graphene-like coating has shown large area monolayer production. Typical reactions taking place in CVD are detailed below [START_REF] Sun | Synthesis Methods of Two-Dimensional MoS2: A Brief Review[END_REF]:

M oO 3 + 2H 2 S + H 2 ⇆ M oS 2 + 3H 2 O (1.3) MoO 3 + 14H 2 S ⇆ 8M oS 2 + 24H 2 O + S 8 MoO 3 + 7S 8 ⇆ 16M oS 2 + 24SO 2
Alternatively Mo-and S-containing precursors can also be thermolized. Hence, Liu et al. decomposed ammonium thiomolybdate layer at high temperature under sulfurcontaining atmosphere. This high temperature annealing produced large-area MoS 2 with improved electrical performances ( 131)).

CVD growth lead to the production of high quality nanosheets with controllable sizes.

However, this process being highly expensive, other techniques have raised to produce SL MoS 2 .

Hydrothermal synthesis

Hydrothermal synthesis consists in the growth of materials under relatively high temperature and high pressures [START_REF] Luo | Hydrothermal synthesis of MoS2 with controllable morphologies and its adsorption properties for bisphenol A[END_REF]. Hydrothermal synthesis of layered 2D TMDs such as MoS 2 are reported for catalytic applications [START_REF] Muralikrishna | Hydrothermal synthesis of 2D MoS2 nanosheets for electrocatalytic hydrogen evolution reaction[END_REF]. Their synthesis relies on heating molybdenum oxide with sulfide in a autoclave. Very frequently, the powders are high-temperature post-annealed, to improve their crystalline quality and purity [START_REF] Sun | Synthesis Methods of Two-Dimensional MoS2: A Brief Review[END_REF].
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2D-based Membranes

At this point of the discussion, we presented the current water purification issues and set the basic foundation of why 2D materials could potentially solve these problematics. To set the ground for the up-coming discussion about 2Dmembranes, the most reported 2D structures as well as their synthesis will be reviewed. We will first enumerate the fabrication and use of 2D nanosheets as building-block of membranes for water purification.

2D-based membranes

Strong efforts are currently devoted to develop novel membranes made of organic and inorganic materials in order to further improve the performance towards water depollution.

Current polymeric membranes combine several advantages for membrane separation (scalability, good processability and low cost) but are still facing challenges such as fouling, oxidants tolerance and limited permeability that results in an increased energy consumption (134; 135; 136). Hence, their use is mostly restricted by the so-called permeability/selectivity trade-off ( 18) that states that the faster a solute can diffuse through a membrane, the less selective this one will be. On the other hand inorganic membranes such as nanoporous zeolites of metal organic frameworks (MOFs) brought improved performances in various separative applications (137; 138; 139). Although these membranes have been punctually commercialized, their practical application is limited by their challenging upscaled fabrication (140; 141).

The discovery of graphene and its isolation as single sheet (54) have opened novel directions to the field of membrane separation. This has subsequently motivated the exfoliation of wide ranges of 3D bulk materials into isolated layered nanosheets [START_REF] Nicolosi | Liquid exfoliation of layered materials[END_REF] such as boron nitride (BN), transition metal, chalcogenides (TMDs), phosphorene, and more recently metal oxide-and covalent triazine-frameworks (MOF and COF respectively). Owing to their unique dimensionality, robustness and large surface area , 2D layered nanosheets are considered as attractive alternative for selective separation membranes [START_REF] Wang | Fundamental transport mechanisms, fabrication and potential applications of nanoporous atomically thin membranes[END_REF].

This section gives an overview of the use of 2D membranes for water purification, wherein the most reported 2D layered structures will be presented. A particular attention will be devoted to review the diffusion mechanisms of water and ionic species. Our aim is to take an exhaustive examination of current research trends on water purification membranes.

1.18,a). Horizontal capillaries are the spaces created between neighboring layers and possible wrinkles of nanosheets. Vertical channels consist of both spaces between edges of two consecutive nanosheets aligned in the same horizontal plan (see Figure 1.18,c) and intrinsic porous defects in the membrane. The interconnection of these nanovoids create wide range of roads for molecular displacement [START_REF] Cheng | Ion transport in complex layered graphene-based membranes with tuneable interlayer spacing[END_REF]. Thus, it is of most importance for the nanosheets to be clearly spaced, well-sized and evenly-dispersed before their assembly as laminate, to guarantee uniform nanochannels [START_REF] Kang | 2D Laminar Membranes for Selective Water and Ion Transport[END_REF].

Remarkably, fast water transport and high ion selectivity have been observed in 2D nanochannels (146; 147; 148). In comparison with the flows observed at the macroscale, nanofluidic understandings is less systematic and more fragmental. Hence, membrane selective transport is ruled by a variety of mechanisms that strongly differ depending on the length-scale. As the size of the channels decreases down to the nanoscale, the continuum theory ruling molecular transport at larger scale can no longer be applied (149; 150; 151).

This mostly comes from the fact that the effect of the surface of the channels starts playing an important role at the nanoscale, what makes the fluid dynamics more complex (152; 153). As an example, wettability and surface charges of the channels strongly impact water and ion motions inside confined nanopores.

We propose to briefly introduce the general mechanisms of water and ion motion in nanochannels.

Water transport in nanoconfined spaces

Water flow in confined nanopore strongly differs from that of bulk water (154; 155), and its

understanding remains an open debate. Because of the non-negligible solid/liquid interfaces at this scale, water transport shows unconventional behaviors and structures that depends on the confinement dimension, the wall charges, wettability, etc. (156; 157; 158; 159). In the case of strong confinement, the original hydrogen bond structure of water is reorganized.

For instance, when the channel has a size comparable to the water molecules, water tend to organize as a "single-file" structure [START_REF] Alexiadis | Molecular Simulation of Water in Carbon Nanotubes[END_REF]; wherein the molecules are tightly chained by hydrogen bonds. This highly organized structure favor ultrafast transportation (149; 161).

When the size of the channel increases, water structure loses its single file conformation toward different ordered organizations. The organization of water in CNTs of increasing sizes has been reported to evolve from chain-like to ring-like and finally to a random distribution with ordered layers along the pore walls (see Figure 1.19) [START_REF] Zhu | Introducing hydrophilic ultra-thin ZIF-L into mixed matrix membranes for CO2/CH4 separation[END_REF]. In these configurations water behave simultaneously like both bulk-ice and bulk water [START_REF] Mashl | Anomalously Immobilized Water: A New Water Phase Induced by Confinement in Nanotubes[END_REF]. Other materials such as slits and tubes also present layered water structure where the water transport is ordered at the solid/liquid interface and behaves like bulk as it is far from the walls.
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This 25 mm 2 membrane experienced size-selective molecular transport attributed to its 1 up to 15 nm pores. These were introduced into the supported SLG by gallium ion bombardment coupled with further chemical etching. The authors investigated the effect of the etching conditions on pore surface chemistry for ionic (K + ) and molecular (dye) transport (see Figure 1.25). The production of large surface of these SLG membranes is however mostly limited by its recurrent defects that either comes from the CVD growth process (intrinsic defects and grain boundaries of ∼ 1-15 nm) or appears during the transfer (e.g. tears of ∼ 100-200 nm). Improved molecular transport was later demonstrated by sealing both these subnanometer and larger defects [START_REF] O'hern | Nanofiltration across defect-sealed nanoporous monolayer graphene[END_REF]. To do so, CVD-grown SLG was first transferred on a porous polycarbonate track etched (PCTE) membrane. The healing process consisted of two steps, (i) atomic layer deposition ( In parallel, the diffusion of gas through single and bi-layer graphene membrane has been investigated. Nanosheets were prepared via mechanical exfoliation and ultraviolet oxidative etching [START_REF] Koenig | Selective molecular sieving through porous graphene[END_REF] and molecular transport was measured using a pressurized blister test and mechanical resonance. The selective sieving of gas through porous, micrometer-sized graphene membrane was observed. Single layer nanoporous graphene constitutes a promising tool to understand molecular transport at subnanometer scale; and both simulation and applied studies precisely explored nanofluidics rules such as size sieving mechanism and impact of pore surface chemistry (206; 207; 200; 196). However and despite great superiorities, the use of SLG as selective membrane in real-world applications is still limited by its costly fabrication, remaining defects, disparate pore size and distribution, difficult up-scale and lack of robustness [START_REF] Hu | Enabling graphene oxide nanosheets as water separation membranes[END_REF]. On the other hand, the lamellar stacking of graphene (or derivative) nanosheets could counter some of these limitations, although rules of molecular transport are severely impacted by this change of thickness. Even though the separation route of NGP membrane occurs through its nanopores, increasing the number of stacked sheets up to a certain thickness will ultimately lead to rather predominant transport along the sheets -in the space created inbetween consecutive layers (see Figure 1.18,a).

Graphene-based frameworks

Grossman et al. firstly predicted the attractive potential of graphene-based framework for water desalination using molecular dynamic simulation [START_REF] Cohen-Tanugi | Multilayer Nanoporous Graphene Membranes for Water Desalination[END_REF]. Their model presented the separation performance of a bilayer graphene membrane in RO configuration and analyzed the resulted molecular transport in various geometrical configurations (e.g. layer separation, pore alignment). They showed that similar desalination performances to that of SLG could be obtained, whereas critical parameters such as the distance between the sheets and the pore alignment drastically influenced the transport mechanisms. Hence, up to a critical spacing of 0.8 nm, bilayer membranes tends to act as two separated monolayers, and the water flow is independent of the pore-offset and -alignment. 

Reduced graphene oxide membranes (rGO)

Graphene laminated membrane can be easily synthesized by thermal or chemical reduction of GO nanosheets, that removes most of their oxygenated surface groups leading to a surface free of pendant functions. Full reduction of GO leads to an interlayer spacing of 0.36 nm, that is theoretically too tight to allow molecular diffusion. However, defects due to nanosheets stacking or to the reduction steps often permit molecular transport [START_REF] Shen | Facile tailoring of the two-dimensional graphene oxide channels for gas separation[END_REF].

Chemical reduction of graphene oxide consists in converting the oxygenated functionalities of the sheets into H 2 O. The mostly used reducing agents are hydrazine, hydroiodic (HI) acid or ascorbic acid (vitamin C) that showed better quality graphene in terms of mechanical resistance as they cause little sheet deformation and few structural defects (212; 213; 214; 215). For instance, Su et al. created high quality chemically reduced GO nanosheets with HI acid [START_REF] Su | Impermeable barrier films and protective coatings based on reduced graphene oxide[END_REF]. Such defect-free membrane exhibited ultimate barrier properties to gas, liquids, salts and acids. On the other hand, defect-containing rGO membrane let slowly diffused water molecules under FO measurement but could significantly block ions [START_REF] Liu | Facile Fabrication of Freestanding Ultrathin Reduced Graphene Oxide Membranes for Water Purification[END_REF]. Nevertheless, chemical reduction is an environmentally unfavorable process due (e.g. epoxy-, hydroxyl-, carbonyl-or carboxylic-groups) -water soluble in nature-that dictate the interlayer spacing between the sheets. For instance, in their seminal work, Nair et al. observed the unique water diffusion within GO membranes [START_REF] Nair | Unimpeded permeation of water through helium-leak-tight graphene-based membranes[END_REF]. This has motivated further investigations on the influence of pendant functions on water and ionic diffusion within confined channels of GO (223; 224). It is important to note that water transport through GO membrane significantly differs from its non oxidized counterpart graphene, because its surface groups can potentially immobilize water molecules. More precisely, the surface electronegative atoms of GO from the oxygenated groups can form strong intermolecular interactions with the hydrogen atoms of water [START_REF] Willcox | Molecular Dynamics Study of Water Flow Across Multiple Layers of Pristine, Oxidized, and Mixed Regions of Graphene Oxide: Effect of Graphene Oxide Layer-to-Layer Distance[END_REF]. Because of the severe confinement within 2D channels (1 nm), water diffusion is strongly governed by the absence (e.g. along graphene domains of GO nanosheets) or presence (along oxygenated domains) of water-nanosheet hydrogen bonds. However, the exact permeation mechanism is still under debate because of the difficulty to represent the distribution of GO functional groups along the sheets (226; 227; 143; 6) The initial hypothesis of their spatial distribution along the flakes assumed to localize pristine region (sp 2 ) in the center of the sheets and oxidized domains (sp 3 ) at the edges (227; 221; 228). Water frictionless motion would occur at an ultrafast rate along the central hydrophobic domains and with an ice-like structure (229; 230). However, more recent studies have contradicted this hypothesis for a less ordered surface chemistry wherein sp 2 and sp 3 domains would be randomly distributed along the sheets [START_REF] Jiao | Non-Continuum Intercalated Water Diffusion Explains Fast Permeation through Graphene Oxide Membranes[END_REF]. Jiao et al. notably observed experimentally the presence of sp 3 clusters in sp 2 domains using high-resolution transmission electron microscopy (HRTEM) imaging [START_REF] Jiao | Non-Continuum Intercalated Water Diffusion Explains Fast Permeation through Graphene Oxide Membranes[END_REF]. These new findings elucidated that a continuous hydrophobic path is not necessary for friction-less water transport and also supposed a closer proximity between oxygen-rich functions and water. Pendant groups would lock adjacent water by hydrogen bonding what will consequently decelerate the motion of unlocked water molecules in the same plane. Such oxygenated groups constitute side-pinning points that limit the overall water mobility (232; 6),Chen2017,Kang2019. GO nanochannels with different surface chemistry have been synthesized to confirm this theory [START_REF] Xu | One-Step Reduction and Surface Modification of Graphene Oxide by 3-Hydroxy-2-Naphthoic Acid Hydrazide and Its Polypropylene Nanocomposites[END_REF]. Simply using vacuum filtration of GO suspension at different rates, nanochannels with different organization of functional groups can be created. A fast deposition gives rise to interlayer voids with asymmetrical surface chemistry, whereas reducing the deposition speed by a factor 12 forms nanochannels with symmetrical surface chemistry. In This discrepancy is attributed to the frictionless motion of water molecules along (hydrophobic) graphitic domains -similar than in the case of carbon nanotube wherein water motion is strongly accelerated [START_REF] Majumder | Enhanced flow in carbon nanotubes[END_REF]. Along these regions, water tends to organize under a chain-like configuration (227; 143; 235) wherein it forms ice crystals with symmetric phase [START_REF] Radha | Molecular transport through capillaries made with atomic-scale precision[END_REF]. This configuration favors weak interaction of molecules with the walls of GO nanocapillaries and leads to accelerated water transport. These affirmations constitute the slip theory that is believed to govern the unusual fast diffusion of water inbetween GO basal planes.

The stacking of GO nanosheets onto a porous substrate is typically performed using several deposition techniques such as pressurization, vacuum filtration, evaporation (Fig- In contrast to GO, MoS 2 membranes are permeable to low molecular weight organic vapors (i.e. ethanol, acetone) whose transport was hindered by non-graphitic regions in GO laminates (3) (see Figure 1.31). High potential for gas separation has been also demonstrated with ultrathin MoS 2 membrane (∼ 60 nm) used for H 2 /CO 2 separation, that presented H 2 permeance of 2400 GPU and ideal selectivity (α H 2 /CO 2 ) = 4.4) [START_REF] Wang | Molecular valves for controlling gas phase transport made from discrete ångström-sized pores in graphene[END_REF]. The ideal selectivity is determined in single gas permeation experiments and corresponds to the ratio of the permeances of pure gases. It differs from the real selectivity that is obtained when working with gas mixtures and brings more realistic information about gas transport.

Besides membrane separation, MoS 2 nanosheets can extract micropollutants using adsorption processes rather than sieving. Recently, fast and efficient removal of endocrine disruptor (bisphenol A) was reported using flower-like wrapped MoS 2 nanosheets [START_REF] Luo | Hydrothermal synthesis of MoS2 with controllable morphologies and its adsorption properties for bisphenol A[END_REF] synthesized by hydrothermal reactions.

Even more interesting, chemically exfoliated tungsten disulfide (WS 2 ) membranes exhibit ultrafast water transport -2 times higher than MoS 2 with similar molecular rejection (dye, proteins) of ∼ 90 % (dye, proteins )-,with stable performances at different pHs [START_REF] Sun | Ultrafast molecule separation through layered WS2 nanosheet membranes[END_REF].

The fast water diffusion was attributed to the creation of nanodefects within the membrane generated by the applied pressure used while testing. However, its use for ion sieving has not been yet reported.

Although TMDs laminates present high water diffusion, rejection of mono-valent or divalent ions is not high enough for alloying competitive water desalination. To solve this issue, several methods of modifications have been studied and will be presented in the following discussion. On the other hands, several other 2D lamellar materials are emerging as candidates for water purification. Owing to space limitation, only some of them will be briefly represented.

Other 2D-based membranes

Transitional Metal Carbides and/or Nitrides (MXene)

Recent interest has been deployed to MXene membranes since they exhibit high mechanical strength and flexibility and can be ordered into lamellar structure of controllable thickness.

In particular, attention has raised toward titanium carbide in the form of Ti 3 C 2 T x , where T correspond to surface functionalities (i.e. -O, -F or -OH). These hydrophilic materials present high water permeance (37.5 L m -2 h -1 bar -1 ) combined with high rejection of dye and metallic ions [START_REF] Ren | Charge-and Size-Selective Ion Sieving Through Ti3C2Tx MXene Membranes[END_REF]. Further developments on Ti 3 C 2 T x lead to hundred times faster water diffusion (263; 264) up to 2302 L m -2 h -1 bar -1 for a 230 nm thick membrane (263; 265; 264). This membrane also showed accelerated solvent transport (respectively 5000 and 3563 L m -2 h -1 bar -1 were reported for acetone and methanol (265)) of and improved performances toward hydrogen separation (see Figure 1.32,d) (266; 267).
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2D layered materials has opened platform to produce even more permeable and selective structures [START_REF] Zhao | Two-dimensional metal-organic framework nanosheets: synthesis and applications[END_REF], owing to their nanoscale thickness and high pore density. 

Clays

Clays are non-porous layered materials typically composed of two outside tetrahedral layers sandwiching an octahedral layer. Clay swell what allows their exfoliation into 2D layers ∼ 1nm thick. Unfortunately, their instability in water limit their utilization for water treatment, however few works have been reported [START_REF] Shao | Self-Assembled twodimensional nanofluidic proton channels with high thermal stability[END_REF]. Clays have proved their potential as gas selective membrane (i.e. MCM-22 [START_REF] Choi | MCM-22/Silica Selective Flake Nanocomposite Membranes for Hydrogen Separations[END_REF], AMH-3 [START_REF] Jeong | A highly crystalline layered silicate with three-dimensionally microporous layers[END_REF] or layered MFI ( 276)). 

2D-LDH

Tailoring of 2D membranes

We propose to overview the different possible approaches to tune 2D lamellar membranes in order to enhance molecular separation.

1.7 Tailoring of 2D membranes

Changing surface chemistry

The surface chemistry of 2D materials corresponds to its reactive atoms and pendant functions at the surface of the nanosheets. Also reported as "chemical makeup" (101), theses active sites might interfere with molecular media through electrostatic attraction, chemical bonding and intermolecular forces. Such interactions have already proven their drastic impact on molecular diffusion through 2D lamellar membranes. For example rGO nanosheets, that are negatively charged because of their carboxylic surface groups, present high rejection of negatively charged molecules (e.g. Evan blue dyes) whereas do not hinder diffusion of positively charged ones (i.e. basic fuchsin) [START_REF] Han | Ultrathin Graphene Nanofiltration Membrane for Water Purification[END_REF]. The effect of natural pendant groups along the basal plane of nanosheets has been deeply studied theoretically. The modeliation of molecular transport through single pores has enlightened the impact of pore chemistry (194; 281). For instance, Konatham. and co-workers studied the desalination performances of single layer graphene (SLG) membranes with pore decorated using several functions such as hydroxyl groups, carboxyl anion, and amine cation [START_REF] Konatham | Simulation insights for graphene-based water desalination membranes[END_REF]. Beside pore size, they observed that pore functionalities could increase the free-energy barrier of ion transportation due to steric effect and electrostatic interactions. Notably, pores decoration with hydroxyl groups efficiently improved their desalination performances. Within a different scale, graphenederived multilayer membranes are attracting a particular interest. The understanding of molecular transport within GO nanochannels has raised questions regarding the distribution of oxygenated functional groups along nanosheets (143; 282; 225; 236; 283). Because of its extraordinary impact on nanoconfined transport, tailoring the surface chemistry of 2D nanosheet constitute a powerful tool for any separation application.

Several methods can be used to modulate the surface chemistry of the 2D lamellar membrane. It can imply covalent or non-covalent functionalization of molecules or other low dimensional materials, or even reduction. In this section we will review the different approaches to modify the surface chemistry of 2D anosheets and lamellar structure for molecular separation processes.

Covalent functionalization (single bond)

Covalent functionalization is a direct method to change materials chemistry (i.e. charge distribution, hydrophobicity) by chemically bonding functional groups, or even other objects, on the surface of nanosheets. Besides, in the case of multilayer membranes, any covalent attachment will physically alter the geometry of the nanoporous network by modifying the size of interlayer spaces. Such physico-chemical changes, initiated by covalent functionalization, offer a variety of perspectives to tune the performances of 2D membranes.

Fortunately, the stability of most 2D nanosheets in solvent makes them relevant template for molecular grafting. This section aims to overlook the different reported techniques to covalently modify 2D membranes and assess their impact on molecular transport. In adequacy with the directive line of our work, a particular attention will be focus to the modification of MoS 2 nanosheets.

Graphene-derived materials Several fundamental works on the covalent functionalization of graphene nanopores have been reported. Molecular dynamics simulations demonstrated that the mechanical properties of graphene can be greatly tailored by hydrogen functionalization (284; 285; 286). Pores decorated with fluorine and nitrogen (F-N-pore), and hydrogen (H-pore) atoms attested the possible tailoring of ionic selectivity, as positively charged hydrogens favored anions passage whereas negatively charged nitrogen and fluorine atoms promoted cation diffusion [START_REF] Sint | Selective Ion Passage through Functionalized Graphene Nanopores[END_REF]. This motivated the modelisation of a whole desalination system in which anions and cations were simultaneously extracted from water. It was obtained by applying an external electric field in between two SLG nanosheets, each containing a single pore of ∼ 0.6 nm diameter (see Figure1.33,a,b) (287). In such system, one single pore was decorated with hydrogen atoms (H-pore) and the other with fluorine atoms (F-pore). When placed at both extremity of a saline solution, an electric field generated the preferential selective transport of Na + and Cl -through fluorine and hydrogen-pore respectively, whereas co-ion transport (of same charge than the pore functionality) was hindered. Increasing the electric field above 30 V enables to increase ion rejection up to 100 %. This fundamental work singled out its innovative dimension by removing ions from water rather than rejecting them. It clearly demonstrates the potential of covalent modification of porous nanosheets for desalination purpose.

From the perspective of practical applications, graphene nanosheets have been covalently modified for water purification. The covalent incorporation of amine-and carboxylfunctionalities along graphene basal plane has counter its hydrophobic nature [START_REF] Prince | Ultra-wetting graphene-based membrane[END_REF]. The resulted ultra-wetting graphene membrane presents enhanced water permeability of 126 % without altering its selectivity. Graphene membrane were also covalently modified to purify gas. He et al. reported the covalent functionalization of SLG with CO 2 -philic polymeric chains [START_REF] He | High-permeance polymer-functionalized single-layer graphene membranes that surpass the postcombustion carbon capture target[END_REF]. Graphene lattice was etched using O 2 plasma (creating porosity up to 18.5 %)

and then functionalized with polyethylenimine (PEI) or poly(ethylene glycol)-bis-amine (PEGBA). Both chain were swollen using poly(ethylene glycol)-dimethyl-ether (PEGDE) oligomer leading to a swollen polymer-functionalized oxygenated SLG (SPONG, see Figure 1.33,c). X-ray photoelectron spectroscopy (XPS) analysis confirmed the covalent nature of the grafting. These optimized membranes -in term of graphene pore-size, -density and -functionalization-yielded high CO 2 /N 2 separation performances (11790 GPU CO 2 permeance and ideal selectivity up to 57.2).

as this method could hardly counter the water stability issue of the nanosheets themselves.

Interconnexion of consecutive stacked sheets (cross-link) is rather appropriate to covalently modify GO nanosheets, this will be detailed in the following section.

TMDs Several non-graphene derived 2D materials are candidates for covalent modification. For instance, the covalent tailoring of TMDs have been widely reported [START_REF] Voiry | Covalent functionalization of monolayered transition metal dichalcogenides by phase engineering[END_REF].

Nevertheless, the clear demonstration of the covalent nature of the bonding is not always elucidated.

Thiol functionalization Dravid and coworkers took an initial step on the functionalization of chemically exfoliated MoS 2 nanosheets using thiols chemistry [START_REF] Huang | Ligand Conjugation of Chemically Exfoliated[END_REF] Boron nitride Boron nitride (BN) 2D-nanosheets have also been modified by covalent functionalization with diverse groups (see Figure 1.37,a) and used for many applications such as solvent purification, biological sensor, electrocatalysis or microelectronic [START_REF] Weng | Functionalized hexagonal boron nitride nanomaterials: Emerging properties and applications[END_REF].

Because B-N bond has a partial ionicity, the negatively charged N atoms can bond with electrophilic reactants via nucleophilic substitution. Hence, BN has been functionalized with many different functions such as hydroxyl (-OH), ether (-OR), amine (-NHR) or amino (-NH 2 ), as presented in Figure 1.36 below. We will mainly focus on modified BN nanosheets used for separative applications.

membranes in water.

Cross-link

Cross-link has been used as an efficient modification of 2D layered structures to precisely control the size of the nanochannels (303; 304), while improving laminates stability by restricting the motion of its nanosheets in the vertical direction. Different cross-linking techniques have been reported, that involve various interactions between the sheets and the linker. (i) Surface chemistry of the sheets (i.e. presence of functional groups along basal plane) can dictates the formation of chemical bonding with linkers. (ii) Surface charge of sheets may drive electrostatic attraction with oppositely charged molecules and

(iii) possible π-π bonding can impose intermolecular force. These three types of interaction will be further discussed in the up coming section. Cross-link has been widely reported for the modification of GO membranes, mostly in order to limit membrane swelling or disintegration in water. Hence a particular attention will be devoted to GO membranes in the following section. Nevertheless, cross-link has also benefit some other 2D materials (e.g. MOFs [START_REF] Yao | Chemically Cross-Linked MOF Membrane Generated from Imidazolium-Based Ionic Liquid-Decorated UiO-66 Type NMOF and Its Application toward CO2 Separation and Conversion[END_REF] ) and applications (gas (306; 307; 308; 309; 310; 311), vapor [START_REF] Hung | Cross-Linking with Diamine Monomers To Prepare Composite Graphene Oxide-Framework Membranes with Varying d -Spacing[END_REF] and solvent purification (312; 313)).

Cross-link involving chemical bonding GO nanosheets possess numerous oxygencontaining pendant functions (i.e. hydroxyl, carboxyl) that constitute convenient template for covalent functionalization. Several works focused on the use of these groups to cross-link functional polymers (mostly amino or carboxyl-containing chains) (314; 315). In particular, cross-link of GO nanosheets with amine-containing polymer (branched polyethylene-imine, BPEI) could enhance the stability of GO membranes in water [START_REF] Nam | Enhanced Stability of Laminated Graphene Oxide Membranes for Nanofiltration via Interstitial Amide Bonding[END_REF]. This consists in the nucleophilic substitution of both amines on the epoxy (and /or carboxyl) groups of GO [START_REF] Zhou | Ultrathin graphene oxide-based hollow fiber membranes with brushlike CO2-philic agent for highly efficient CO2 capture[END_REF]. GO/BPEI membrane evidenced more than 90 % rejection of dye, what compares higher than pure GO membrane while showing higher water permeance [START_REF] Nam | Enhanced Stability of Laminated Graphene Oxide Membranes for Nanofiltration via Interstitial Amide Bonding[END_REF]. BPEI cross-link drastically enhanced membrane stability under both alkaline and acidic condition due to amide bonds. In a similar way, diamine monomers (p-phenylenediamine, NH 2 -R-NH 2 )(303) of different sizes were used to control the interlayer spacing in GO laminate (see Figure 1.39). Both works efficiently confirmed the swelling inhibition of cross-linked-GO laminate membranes. The d-spacing of diamine-modified GO nanochannels was controlled from 8.7 to 10.4 Å and because of its hydrophobic aromatic chain, membranes were applied to water-ethanol separation via pervaporation. Considering amine groups to be known as efficient CO 2 carrier they considerably increase its transport (306; 307; 308; 309).

GO membrane cross-linked with amine-containing chains were also used as gas separative barrier [START_REF] Zhou | Ultrathin, ethylenediamine-functionalized graphene oxide membranes on hollow fibers for CO2 capture[END_REF]. As an example, CO 2 -philic piperazine modified lamellar structure was deposited as an ultrathin layer onto hollow fiber substrate for efficient CO 2 / N 2 separation (see Figure1.39,b) [START_REF] Zhou | Ultrathin graphene oxide-based hollow fiber membranes with brushlike CO2-philic agent for highly efficient CO2 capture[END_REF]. Due to the "brush-like" attachment of piperazine, dry laminate d-spacing increased from 8.4 to 9.2 Å and was stable upon hydration. During gas permeation, CO 2 dissolves and reacts with piperazine carrier agent to form zwitterion first, then generates carbamate or bicarbonate within hydrated nanochannels as follow:

2CO 2 + 2RR ′ N H + H 2 O ⇆ RR ′ N COOH + RR ′ N H + 2 + HCO - 3 (1.6)
Amine brushes would catalyze the conversion of CO 2 into HCO -3 within hydrated 2D nanoconfined channels. Such structures performed high CO 2 / N 2 selectivity of 680 and combined CO 2 permeance of 1020 GPU at 80 • C under wet conditions (see Figure 1.39-c). Those works prove the facile tailoring of the size of 2D channels using crosslink. Several other studies targeted GO cross-linking for water purification including dye- (208; 312; 317) and heavy metal-(318; 317) removal or ion separation (304; 319). In parallel to separation in aqueous media, covalent cross-link improved stability of GO membrane in organic solvent. GO cross-linked with boronic acid- [START_REF] Gao | Enhanced stability and separation efficiency of graphene oxide membranes in organic solvent nanofiltration[END_REF] and polybenzimidazole -polymer [START_REF] Fei | Robust Covalently Cross-linked Polybenzimidazole/Graphene Oxide Membranes for High-Flux Organic Solvent Nanofiltration[END_REF] successfully extracted micropollutants from organic solvents (i.e. 98 % dye rejection and 93 % pharmaceuticals respectively).

Hydrophilic cross-link of rGO using poly-dopamine (PDA) has been reporter to perform better than pristine GO membrane for desalination [START_REF] Pei | Fabrication of reduced graphene oxide membranes for highly efficient water desalination[END_REF]. rGO-PDA membranes presented respectively 10-and 5-times higher water flux and salt rejection than pure GO. The authors attributed this high water permeance to be a combination of hydrophilic PDA cross-link, along with accelerated water motion along rGO friction-less nanochannels. Following this proposed mechanism, rGO membranes-with enlarged nanovoids have been synthetized using theanine amino acid and tannic acid as reducing agent and cross-linker [START_REF] Thebo | Highly stable graphene-oxide-based membranes with superior permeability[END_REF]. While blocking 100 % of dyes, they provided ultrafast water transport (water permeance over 10 000 L m -2 h -1 bar -1 ) with a corresponding interlayer distance of 0.87 nm.

linking smaller spacer via electrostatic interaction -rather than covalent bond-could offer closer intimacy between spacer and nanosheets. This may create more compact 2D laminate membrane that are suitable for desalination applications.

Cross-link via electrostatic interactions or mostly polyelectrolyte crosslink 2D lamellar membrane can be modified by electrostatically bonding its charged nanosheets with an oppositely-charged object. Most attention has been focused on the layer by layer assembly of negatively charged GO nanosheets (acting as polyanions) with positively charged polyelectrolyte (322; 323; 324). Recently,the coating of GO membrane using different polycations such as polydiallyl dimethyl ammonium (PDDA), polyethylene imine (PEI), and polyallylamine hydrochloride (PAH) lead to highly ion-selective lamellar structure without impeding water diffusion [START_REF] Zhang | Controllable ion transport by surface-charged graphene oxide membrane[END_REF]. The charged surface of the GO membrane showed dominant electrostatic repulsion against bivalent co-ions (same charge as membrane surface), beside hindering electrostatic attraction of monovalent counter ions (opposite charge to membrane surface).

Jiang et al. reported the layer by layer assembly of MoS 2 nanosheets and a polyelectrolyte for organic solvent nanofiltration (NF). They revealed that MoS 2 could bridge the strong polyelectrolyte (poly(sodium 4-styrenesulfonate, PSS) (see Figure 1.40,a) and create interconnected channels for the selective diffusion of organic solvents, while rejecting dyes [START_REF] Jiang | Opening organic solvent pathways by molybdenum disulfide in mixed matrix membranes for molecular separation[END_REF].

Similar cross-linking driven by electrostatic interactions was used to regulate the assembly of 2D-MOF [START_REF] Ang | Polycationic Polymer-Regulated Assembling of 2D MOF Nanosheets for High-Performance Nanofiltration[END_REF]. Polyethylenimine (PEI) and poly(diallyldimethylammonium chloride (PDDA) polycations were anchored to 2D Zn-TCP(Fe) nanosheets at the tip of their carboxylic pendant functions (Figure 1.40,b). Such modified 2D-MOF membrane was easily assembled using vacuum filtration. It proved ultrafast water diffusion (4243 L m -2 h -1 bar -1 that is twice its pristine permeance) while retaining ∼ 90 % of dyes. As for GO, 2D-MOF/polyelectrolyte structure cannot sufficiently sieve small molecules to target desalination applications.

Yeh and co-workers observed that increased cation-π interaction within GO lamellar membranes has strong impact on its mechanical properties [START_REF] Yeh | On the origin of the stability of graphene oxide membranes in water[END_REF]. Their study enlightened that GO membrane stiffness often arises from a metal contamination when supported by porous anodized aluminium oxide membrane (AAO). Such typical substrate was found to corrode during membrane preparation and release aluminium ions. This generates multivalent-metal-cation-π interaction with the ionized oxygen-containing groups of GO.

Al 3+ -strengthen films were less subjected to swell in water and presented an improved alignment of GO sheets. The resulting GO membranes cross-linked with the trivalentmetal-cations were used for water purification from natural organic matter [START_REF] Liu | Trivalent metal cation crosslinked graphene oxide membranes for NOM removal in water treatment[END_REF]. The work of Fang and coworkers proved that cations themselves can precisely fix the size of GO nanochannels at nanometer-scale. This motivated the tailoring of 2D nanochannels within angström precision by creating strong cation-π interaction with oxygenated groups of GO sheets [START_REF] Baskoro | Graphene oxide-cation interaction: Inter-layer spacing and zeta potential changes in response to various salt solutions[END_REF]. Hence Fang et al. demonstrated the precise cationic-control of GO nanovoids by simply immersing of the membrane in salted solutions (see Figure 1. 41,a,b) [START_REF] Chen | Ion sieving in graphene oxide membranes via cationic control of interlayer spacing[END_REF]. The membranes intercalated with K + achieved almost total ion rejection (>99 %), even for K + ions themselves. This ultimate ion sieving was assimilated to the distortion of the hydration shell surrounding K + , when interacting with GO-oxygenated pendant functions. Besides, cation-decorated GO membrane generated successful solvent separation [START_REF] Long | Molecule Channels Directed by Cation-Decorated Graphene Oxide Nanosheets and Their Application as Membrane Reactors[END_REF]. Its solvent selectivity has been associated to cation-π interactions (resulting from cation/oxygen bonding), hydrogen bonding and electrostatic interactions.

Because porphyrins share a similar structure with GO nanosheets, their hybrid form with graphene-derived nanosheets was further investigated (330; 24). In such assembly, the binding forces combine electrostatic attraction and π-π stacking [START_REF] Liu | Obstruction of Photoinduced Electron Transfer from Excited Porphyrin to Graphene Oxide: A Fluorescence Turn-On Sensing Platform for Iron (III) Ions[END_REF]. Slight contribution of hydrogen bonding and hydrophobic interaction may also be engaged [START_REF] Hammond | Recent explorations in electrostatic multilayer thin film assembly[END_REF]. Xu and co-workers assembled a cationic porphyrin (tetrakis(1-methyl-pyridinium-4-yl)porphyrin, TMPyP) with graphene oxide nanosheets via simple vacuum filtration (see Figure 1.41,c) [START_REF] Xu | Graphene Oxide Nanofiltration Membranes Stabilized by Cationic Porphyrin for High Salt Rejection[END_REF]. The cross-link occurred at the non-oxide regions (graphene regions) of the sheets; what lead to more compact nanochannels, in comparison with other cross-link strategies involving the oxidized regions of GO. Such technique enabled the precise control of the channel size for water desalination. Nevertheless, if bivalent salts such as Na 2 SO 4 reached high rejection (∼ 88 %), monovalent sieving was still low. terractions. Hence, mixing two different atom-thick materials often enable to change the membrane selectivity while not altering the fine inherent sieving of 2D nanochannels.

As GO and MoS 2 nanosheets can both be dispersed in water, and easy stacked into laminar structure, the simple synthesis of GO-MoS 2 hybrids has benefit both gas and water purification. GO-MoS 2 hybrid has been assembled using either vacuum filtration [START_REF] Ostwal | Graphene oxide -molybdenum disulfide hybrid membranes for hydrogen separation[END_REF] or forward pressure-assisted assembly [START_REF] Zhang | Novel "loose" GO/MoS2 composites membranes with enhanced permeability for effective salts and dyes rejection at low pressure[END_REF]. By optimizing MoS 2 content, the mixed structure presented H 2 /CO 2 selectivity as high as 44 with H 2 permeance of ∼ 290 ×10 9 mol m -2 s -1 Pa -1 . In parallel, Zhang et al. reported the intercalation of M oS 2 as spacers between the rGO layers to form a NF membrane with ∼ 13 times higher water permeability at low pressure [START_REF] Zhang | Novel "loose" GO/MoS2 composites membranes with enhanced permeability for effective salts and dyes rejection at low pressure[END_REF] (see Figure 1.45). High and moderate rejection of dyes and ions respectively were obtained.

GO has also been assembled with other 2D nanosheets. The layer by layer restacking method was used to create GO/2D-COF hybrid membrane [START_REF] Ying | A GO-assisted method for the preparation of ultrathin covalent organic framework membranes for gas separation[END_REF]. In fact, the abundant functional groups of GO acted as "magnetic sheets" to restack 2D covalent triazine-based framework-1 (CTF-1) by simple vacuum filtration. GO/COF membranes reached H 2 permeance of 1.7 ×10 -6 mol m -2 s -1 Pa -1 . Improved stability in water has also been observed in GO/2D-titania (TO) hybrid membrane [START_REF] Sun | Highly efficient quasi-static water desalination using monolayer graphene oxide/titania hybrid laminates[END_REF]. Monolayer titania (Ti 0.87 O 2 ) has been recently obtained by the delamination of layered titanates [START_REF] Wang | Titanium Oxide Nanosheets: Graphene Analogues with Versatile Functionalities[END_REF]. Simple vacuum filtration stacked GO/TI nanocomposite and UV irradiation reduced GO to rGO using the photocatalytic potential of TO (see Figure 1. 45,d). rGO/TO hybrid presented higher ion rejection than GO/TO because the reduction of the oxygen functional groups decreased the size of the nanochannels. The high water permeation has been associated to the photoinduced hydrophilic transformation of TO. Alternatively the intercalation of GO nanosheets between W S 2 nanolaminates has recently been obtained with uniform nanoporous network [START_REF] Cheng | Hybrid 2D WS2/GO nanofiltration membranes for finely molecular sieving[END_REF]. This hybrid membrane was easily assembled using vacuum filtration (see Figure1.45,e) and rejected ions with a hydrated diameter above 4.9 Å. water molecules to enter the capillaries, combined with the large innerchannel slip length.

A polymeric phase can also be used as binder between adjoining nanosheets. Recently, polyethyleneimine (PEI) was incorporated in MoS 2 membrane to enhance the interfacial adhesion between consecutive sheets, as well as between the slabs of MoS 2 and an inorganic substract [START_REF] Zhang | Construction of MoS2 composite membranes on ceramic hollow fibers for efficient water desalination[END_REF]. MoS 2 /PEI composite was deposited on a ceramic hollow fibre (see Figure 1.46,f) for nanoflitration. The nature of the polymer phase can further improve the selectivity of the hybrids membranes [START_REF] Hu | A novel membrane with ion-recognizable copolymers in graphenebased nanochannels for facilitated transport of potassium ions[END_REF].

In a totally different approach, 2D nanosheets can be introduced into polymeric membrane to improve its properties (e.g. mechanical resistance, sieving abilities...). In such structure, the well-aligned laminar stacking observed in pure 2D membrane will rather be a 3D disordered structure. For example, ammonia-functionalized GO nanosheets improved the Young's modulus of polysulfone (PSf) membrane from 246 to 285 MPa [START_REF] Ionita | Preparation and characterization of polysulfone/ammonia-functionalized graphene oxide composite membrane material[END_REF]. PSf blending with GO could triple the water flux of pure polymeric support [START_REF] Park | Graphene oxide incorporated polysulfone substrate for the fabrication of flat-sheet thin-film composite forward osmosis membranes[END_REF]. Similarly, commercial polymers matrix have been blended with 2D-COF or MOF nanosheets to improve their gas sieving properties (156; 358). For example, commercial PEI (polyether imide), and PBI (polybenzimidazole) were blended with exfoliated 2D-COF nanosheets (NUS-2 and NUS-3) and the resulted MMMs exhibited increased gas permeability and H 2 /CO 2 separation, associated to the selective sorption properties of COF fillers [START_REF] Kang | Mixed Matrix Membranes (MMMs) Comprising Exfoliated 2D Covalent Organic Frameworks (COFs) for Efficient CO 2 Separation[END_REF].

ferent strategies (e.g. coating, blending), and for various purposes (separative application, mechanical reinforcement). Both the composition (matrix and blender materials) and the geometrical factors (pores and nanosheets organization) of the hybrid are important parameters in controlling the molecular transport in its porous network.

Physical modifications of nanosheets and nanolaminates

In the previous section, we reviewed chemical and physicochemical approaches to tune the separation properties of 2D-based membranes. The surface of single nanosheets has been covalently modified to preferentially develop selectivity. When assembled in the form of nanolaminates, various interactions could interlink successive nanosheets to control, expand or limit their separative distance in a specific media. An alternative approach is to physically modify the nanosheets and/or their organization as laminar membranes.

Several parameters such as intralayer porosity or geometry of the nanosheet have been extensively modified to assess their impact on molecular transport. On the other hand, physical external stimuli can strongly modulate the molecular transport at the Angströmscale. This section will review the different physical modifications of the 2D structure for tuning the membrane behavior.

Physical modification of the nanosheets

We will first describe physical changes imputed to the nanosheets themselves. Then we will overlook the modifications performed on their assembly as nanolaminates.

Intralayer porosity As overviewed in Section 1.6.2, it is possible to artificially create nanopores within single layer nanosheets. Several techniques converge to this mean such as electron bombardement using a transmission electron microscope (see Figure 1.48,a) (360; 361; 362; 363; 364; 250; 365).

In this technique, a suspended nanosheet is exposed under the focused-and high energyelectron beam of a transmission electron microscope (TEM). In the time-scale of few seconds, a wide range of defect features are generated in the sheets, that can be pores of nanometer-size, gaps, or slits, all stable over time. Despite the expensive nature of this process, it is possible to control the damage on the suspended ultrathin nanosheets [START_REF] Fischbein | Electron beam nanosculpting of suspended graphene sheets[END_REF]. This section will quickly overview some other nanoperforation techniques used to introduce defects in few-layer nanosheets. ther declinaison of this synthesis, in order to create pores of different sizes [START_REF] Yanagi | Fabricating nanopores with diameters of sub-1 nm to 3nm using multilevel pulse-voltage injection[END_REF] within membranes of different thicknesses [START_REF] Yanagi | Thickness-dependent dielectric breakdown and nanopore creation on sub-10-nm-thick SiN membranes in solution[END_REF]. The perforation of TMDS membranes involves laser-induced photo-oxidation (see Figure 1.48,f) [START_REF] Danda | Laser-induced fabrication of nanoporous monolayer WS2 membranes[END_REF]. However, single pore generation do not meet membrane requirement for water purification, and rather multiporous membrane should be developped.

As presented in Section 1.6.2, electron irradiation (Figure 1.48,g) (376; 377; 378; 379), ion irradiation (Figure 1.48,e) (380; 203; 381) and chemical and plasma etching (Figure 1.48,f) (144; 200; 259; 206; 382; 383) are rather suitable solutions for membrane applications. The electrochemical oxidation of M oS 2 is also a convenient and scalable technique to controllably initiate the formation of defect in single layer M oS 2 [START_REF] Feng | Single-layer MoS2 nanopores as nanopower generators[END_REF].

Still those techniques are far to expensive and complicated to meet any industrial requirements.

Nanosheets geometry Another possibility to impact molecular pathways is to modify the dimensions of the sheets. For instance, several chemical and physical methods have been developed in order to control the lateral size of 2D nanosheets. In fact, both large and small sheets have their merits depending on the application. Small ones are usually preferred for sensing or biological applications because of their better bio-compatibility and more active edging sites [START_REF] Chen | Size Fractionation of Graphene Oxide Sheets via Filtration through Track-Etched Membranes[END_REF]. On the other hand, large nanosheets are used as selective barrier building-block or conductive layer for optoelectronic [START_REF] Chen | Size Fractionation of Graphene Oxide Sheets via Filtration through Track-Etched Membranes[END_REF]. Large nanosheets also allow the preparation of thinner membranes without pinholes. For instance, Yang et al.

reported ultrafast permeation and precise molecular sieving of laminate with large GO nanosheets of ∼ 10-20 µm (240).

Size fractionation of nanosheets permit to isolate layers of similar dimensions. The method is a selective sedimentation of the sheets that can be performed using chemical agents [START_REF] Wang | Size fractionation of graphene oxide sheets by pHassisted selective sedimentation[END_REF] or organic solvents [START_REF] Varrla | Large-Scale Production of Size-Controlled MoS 2 Nanosheets by Shear Exfoliation[END_REF]. However, such technique involves long-time separation and large quantities of solvent. On the other hand, physical fractionation strategy mostly consists in centrifuging dispersed nanosheets. GO (388; 385), rGO [START_REF] Sun | Monodisperse Chemically Modified Graphene Obtained by Density Gradient Ultracentrifugal Rate Separation Supplementary Information Part I . Experimental details[END_REF] and MoS 2 (390; 387) nanosheets with large sizes (up to 40 µm, ∼ 600 nm and ∼ 700 nm respectively) could be created and isolated using sonication and centrifugation or filtration. Nevertheless, physical size fractioning does not always insure the recovery of single layer nanosheets, but rather few-layer nanosheets. This can be a major drawback during the fabrication of the membrane by limiting the ideal stacking of the nanosheets. Recently, Ai and coworkers evaluated the impact of the size of GO nanosheets on water and organic solvent transport [START_REF] Ai | Graphene Oxide Membranes with Hierarchical Structures Used for Molecule Sieving[END_REF]. As expected, NF membranes made of flakes with various sizes present distinct mass transport and sieving abilities. The authors concluded that a stacking of nanosized sheets would generate high water fluxes but low separation efficiency while microsized flakes present high rejection but low water fluxes. Hence, they assembled both microsize and nanosize GO flakes in order to optimize the molecular diffusion. Microsized GO membrane was the most beneficial configuration for fast water transport and high rejection.

Further experimental studies of the impact of the length of the nanosheets on molecular transport are currently lacking.

Physical modification of nanochannels

Beside modulating the geometry of the sheets, other physical actions have also been explored to tune the capillary width for molecular separative purposes. For example, the stacking of the laminates can be modified, for the molecules to experience a different pathway. In this optic, Guo et al. recently reported M oS 2 membrane with an original laminated organisation [START_REF] Guo | MoS 2 Membranes for Organic Solvent Nanofiltration: Stability and Structural Control[END_REF]. The nanosheets were not purely monolayers when reassembled in the form of laminate. Instead the membrane is composed of stacks of few-layers was obtained (see Figure 1.31). Such membrane was synthesized using a hydrothermal method. Hence the authors claimed that MoS 2 membranes made of dominant monolayer sheets (i.e. fabricated using chemical exfoliation) present a sharp decrease of their water purification performance after few days. They predicted the stacking of few-layers MoS 2 to be more stable. Exfoliation was performed using n-butyllithium intercalation in hexane under ambient conditions followed by forced hydration for 5 hours at 100 • C. After a glycerol pretreatment, drying was performed to realign the nanoflakes and adjust their interlayer spacing to ∼ 1 nm. The resulted glycerol-intercalated hydro-MoS 2 membranes sieved dyes (size of ∼ 1.5 nm ) from organic solvent such as iso-propanol, and showed long term stability over 7 days under testing conditions.

Defects introduction in 2D nanolaminates

Theoretical works assimilate 2D nanosheets as perfect, flat and well stacked objects, that would create continuous pathways when assembled in the form of laminate. However, many factors can introduce defects and disorders in 2D membranes. For example, nanosheets synthesis can generate in-plane defects (248; 363), while their imperfect stacking as laminate might introduce microvoids or nanowrinkle [START_REF] Raidongia | Nanofluidic ion transport through reconstructed layered materials[END_REF]. Molecules will rather diffuse through those defects than along the long and tortuous path of "defect-free" nanochannels. Hence, transport pathway of molecules is considerably reduced in presence of defects and this has been presumed to enable fast mass transport-potentially at the cost of the efficiency of the separation [START_REF] Li | Ultrathin, molecular-sieving graphene oxide membranes for selective hydrogen separation[END_REF]. Creating controlled defects such as nanovoids, or wrinkles in 2D lamellar membrane has been used as an efficient strategy to boost molecular transport and separation.

For example, Huang et al. generated controlled nanometer-size defects in GO membranes [START_REF] Huang | Ultrafast viscous water flow through nanostrand-channelled graphene oxide membranes[END_REF]. This was obtained by assembling positively charged copper hydroxide nanostrands (CHNs) between positively charged GO nanosheets (see Figure 1.49, a). CHNs were then removed from the structure leaving opened nanochannels of 3-5 nm. Nanostrandchanneled GO (NCS-GO) membranes achieved superior water permeability (695 ± 20 L m -2 h -1 bar -1 ) while showing high separation performances.

Other defects such as wrinkles have accelerated molecular transport in graphene membranes. For instance, fast fluids transport through nanometer-sized wrinkles in rGO membranes has been reported, and attributed to low friction diffusion (see Figure 1.49,b), as in the case of CNT (394). The wrinkle density could be modulated by changing the polarity of solvent during membrane assembly. For instance, ethanol would favor wide wrinkle formation and lead to high membrane permeability. Even smaller defects in the range of 1 nm have been associated to ultrafast solvent permeation in GO laminates [START_REF] Yang | Ultrathin graphene-based membrane with precise molecular sieving and ultrafast solvent permeation[END_REF]. However, the accelerated molecular transportation due to the presence of defects is not observed for ultrathin membranes [START_REF] Boutilier | Implications of permeation through intrinsic defects in graphene on the design of defect-tolerant membranes for gas separation[END_REF]. Water permeance in few nanometer-thick GO membrane exponentially decreases with laminate thickness due to the lower impact of nanovoids (see Figure 1.49,c) [START_REF] Yang | Ultrathin graphene-based membrane with precise molecular sieving and ultrafast solvent permeation[END_REF].

In a same approach, chemically converted graphene (CCG) lead to fast molecular transport due to wrinkle formation. The chemical conversion of graphite into graphene is known to favor the corrugation of the nanosheets due to the presence of topological defects and sp 3 -hybridized carbon (see Figure 1.49, d,e,f) (396; 397; 398; 399). Han et al. synthesized ultrathin CCG membrane for water nanofiltration that showed fast water transport ( ∼ 22 L m -2 h -1 bar -1 ) and high retention of organic dyes (>99 %) (4). A thermal method to control the corrugation of CCG has enabled the fabrication of highly permeable CCG membranes with a fast water diffusion of 45 L m -2 h -1 bar -1 , attributed to the presence of microscopic corrugated wrinkles [START_REF] Qiu | Controllable corrugation of chemically converted graphene sheets in water and potential application for nanofiltration[END_REF]. GO-based membrane has been developed using centrifugal-and shear-deposition process [START_REF] Shen | Subnanometer Two-Dimensional Graphene Oxide Channels for Ultrafast Gas Sieving[END_REF]. This polymer/GO hybrid membrane was assembled using vacuum-spin technique (see Figure 1.51, a). It presented an interlayer distance of ∼ 0.4 nm and slit pores of size ∼ 0.4 nm. Theses subnanometer GO membranes demonstrated ultrafast gas sieving (see Figure 1.51,b). Similarly, shear aligned deposition of GO nanosheets via its discotic nematic phase can lead to ordered and continuous NF-membranes [START_REF] Akbari | Large-area graphene-based nanofiltration membranes by shear alignment of discotic nematic liquid crystals of graphene oxide[END_REF]. Highly soluble GO nanosheets present nematic liquid crystallinity in water ( 404), (see Figure 1.51, c) wherein sheets become anisotropic but can still flow under shearing forces. Membrane assembly consisted in spreading this viscous GO solution onto a subtract using a blade (see Figure 1. 51,d). This innovative deposition technique allows fast production of nanolaminate membranes of relatively large-area (see Figure 1.51, e) with high retention capability of charged and neutral organic molecules larger than 5 Å (> 90 %). Water easily diffuses through such membrane (permeability of ∼ 70 L m -2 h -1 bar -1 ) but smaller compounds such as salts could not be significantly sieved (∼ 30-40 % retention). Besides, these membranes were found stable for a wide range of solvents [START_REF] Akbari | Solvent Transport Behavior of Shear Aligned Graphene Oxide Membranes and Implications in Organic Solvent Nanofiltration[END_REF]. Shear alignment of the nematic liquid crystal of GO may open avenues to large-scale fabrication of 2D membrane for industrial purposes.

Besides developing novel designs of membranes, innovative conditions during separative measurements can efficiently boost the membrane performances. External pressure, as driving force of the molecular diffusion, can be easily modulated. External pressure regulation (EPR) can reorganize membrane structure by collapsing wide wrinkles and further improving the stacking of nanosheets (406; 407). In this view, Li et al. proposed EPR to restrain the swelling of GO membrane in aqueous solution [START_REF] Li | Controlling Interlayer Spacing of Graphene Oxide Membranes by External Pressure Regulation[END_REF]. The mechanical compression of the membranes up to 6 MPa further confined nanovoids below the hydrated size of ions what improved salt rejection up to 94 % (see Figure 1.52 a,b). Simulation studies also investigated the impact of mechanical strain on molecular transport in 2D membranes."Open" and "close" states of a single pore MoS 2 nanosheets could also be regulated under mechanical strain (see Figure 1.52, c) [START_REF] Li | Strain-Controlled Nanoporous MoS2 Filter for Water Desalination[END_REF]. The « open » state of the pore was reached up to a critical stretching limit of 6 % and demonstrated high water transport. In a similar trend, simulation of both water flux and salt rejection of graphenebased membrane (with Si-passivated pores) could be modulated using membrane curvature [START_REF] Ebrahimi | Influence of curvature on water desalination through the graphene membrane with Si-passivated nanopore[END_REF].

Similarly to pressure-controlled transport, Nair and coworkers demonstrated electrically controlled water diffusion in GO membrane by creating conductive filament in the laminate via electrical breakdown [START_REF] Zhou | Electrically controlled water permeation through graphene oxide membranes[END_REF]. GO membrane was coated on top of a porous silver electrode and under a thin gold film. Up to a certain voltage, the electric field would ionize nanoconfined water molecules (into hydronium and hydroxyl) and hinder water transport.

Thermic stimuli has also been used to tune 2D membranes. Liu et al. created temperature tunable lamellar spaces in GO layered membrane using cross-linked poly(Nisopropylacrylamide) (411). This bioinspired membrane mimic drought-enduring vegetation behavior, by reducing interlayer spaces between the sheets below the water diffusion threshold when heated up to a certain temperature (see Figure 1.52, b).

Conclusion and perspectives

The access to safe water is paradoxically assimilated to a fundamental right, despite the fact that more than one milliard of people do not have secured access to it, and 2.6 milliard do not dispose of efficient water sewerage systems.

Today up to 3.2 millions of deaths are caused by hydric diseases every year according to WHO. In addition and against all expectation, developed countries -that benefit from efficient water treatment processes-are wasting a considerable amount of their retreated water for industrial, agricultural and domestic activities. This further contaminate the aqua-sphere with micropollutants.

The need to develop and scale-up efficient water purification techniques urges.

Pressure-driven purification via membranes have raised as suitable candidate for the large-scale production of drinkable water as it compares favorably with thermal-or chemically -driven purification techniques in terms of cost and environmental impact (412; 33; 413). Nevertheless, membrane purification such as RO is limited by the poor selectivity, extensive energy demands and high costs. The development of more performing membranes could however significantly reduce the energy consumption [START_REF] Dervin | 2D nanostructures for water purification: graphene and beyond[END_REF].

In this optic, 2D nanomaterials have opened novel solutions for water purification as they afford numerous innovative mass-transport features that can not be achieved with state-of-the-art commercial membranes. Confined spaces in 2D membrane can be efficiently manipulated; enlarged using cross-linking or via the intercalation of large objects, confined by encapsulation, slimed by reduction and functionalization or even rearranged. Although their stability remains a concern, the ease to control 2D nanochannels has demonstrated great potential. For example, chemical cross-link overcame the swelling issue of GO membrane, and the coating of rGO with nanoparticles could improve the fouling resistance of the membrane during operation. The possibility to physically and chemically modify 2D membranes has benefited to numerous applications such as gas, solvant or liquid decontamination. However, only few works have demonstrated the utilization of 2D nanolaminate membranes under realistic industrial conditions. To assess on the true potential of 2D (modified) membranes, it would be for example necessary to work at sea water concentration and under high pressures. The effect of oxidation, chlorine, harsh media and the fouling resistance also would need to be further investigated. In this optic, an affordable and efficient strategy to deposit highly ordered nanolaminates on tubular substrate (preferably on the inside of the tube) would be a considerable step toward industrial testing.

Synthesis of 2D nanosheet

In this part, we describe the synthesis of single layer 2D nanosheets. As enlighted in Chapter 1.7.4, graphene derived materials are the most reported 2D objects in the literature. Most particularly GO membranes have been studied for various separation applications (water purification, solvent separation, gas transport, etc.). Therefore, to make our study more accurate we will compare the performances obtained using M oS 2 -derived materials with GO membranes (see Chapter 2.3 and 3.4). For this reason, this section will report both the synthesis of single layer M oS 2 -and GO-nanosheets. M oS 2 nanosheets were obtained by chemical exfoliation (129; 416) and GO nanosheets have been synthesized using the Hummer's method [START_REF] Hummers | Preparation of Graphitic Oxide[END_REF].

Synthesis of exfoliated single-layer M oS 2 nanosheets

Nanosheets were prepared following the method previously reported by Eda et al. based on lithium intercalation. 0.4 g of bulk crystal of M oS 2 was mixed with 4 mL of n-butyllithium in hexane and refluxed for 48 h under argon [START_REF] Eda | Photoluminescence from Chemically Exfoliated[END_REF]. The intercalated powder was then obtained using vacuum filtration and washed several times with hexane (4x50 mL). The intercalated powder was exfoliated in water at 1 mg/mL and sonicated for 1 h to facilitate the exfoliation. The solution was then centrifuged to remove all lithium cations as well as the non-exfoliated materials [START_REF] Kappera | Phase-engineered low-resistance contacts for ultrathin MoS2 transistors[END_REF]. The single-layer nature of the exfoliated nanosheets has previously been characterized [START_REF] Eda | Photoluminescence from Chemically Exfoliated[END_REF]. It is worth noting that the yield of monolayer prepared via lithium intercalation is high, about 10-20 % of the starting bulk powder [START_REF] Voiry | Covalent functionalization of monolayered transition metal dichalcogenides by phase engineering[END_REF].

The mechanism of exfoliation has been further detailed in Chapter 1.7.4, Section 1.5.1.

Synthesis of single-layer graphene oxide (GO)

GO nanosheets were prepared from natural graphite by the modified Hummer's method [START_REF] Hummers | Preparation of Graphitic Oxide[END_REF]. Graphite powder (1.5 g) was mixed with H 2 SO 4 (50.7 mL) and sodium nitrate (1.14 g). In an ice bath, KMnO 4 (6 g) was added slowly while stirring. After 72 hours, 150 mL solution of H 2 SO 4 was slowly added and the reaction was finally quenched by the addition of 4.5 mL of H 2 O 2 (30 %). Metal ion impurities were removed by treating the solution with 10 % HCl. The solution was then washed using dialysis (molecular weight cut-off = 14,000, Sigma-Aldrich) to completely remove metal ions and acids. The GO nanosheets were centrifuged at 3,000 rpm for 3 minutes to remove the non-exfoliated particles.

Size distribution of the single-layer M oS 2 nanosheets

The length of nanosheets will have a direct impact of molecular transport within 2D-based membrane, therefore, the size of single-layer nanosheets was investigated using atomic force microscopy (AFM, see in the Appendix ). 

Proof and quantification of the covalent grafting

As previously mentioned, the covalent nature of the grafting is preferred over non-covalent grafting to insure stable membrane performances. Several physicochemical characterizations techniques have been used to confirm the covalent nature of the different functionalization reactions and to quantify the amount of groups grafted on the M oS 2 nanosheets. This section presents proofs obtained with infra-red spectroscopy (ATR-FTIR), Nuclear Magnetic resonance spectroscopy (NMR), thermogravimetric analysis (TGA), X-ray photoelectron spectroscopy (XPS) and Raman spectroscopy. All measurements have been performed on powders and all these techniques have been detailed in the Appendix.

ATR-FTIR spectroscopy

The first evidence of covalent functionalization is brought by infrared spectroscopy. ATR-FTIR spectroscopy was performed on M oS 2 -derived materials (Figure 2.14). The ATR-FTIR spectra of functionalized M oS 2 nanosheets bring the first evidence of covalent grafting of the functional groups. The S-C stretching is identified at ∼ 710 cm -1 for both acetamide-, methyl-and ethyl-2-ol-functionalized M oS 2 , whereas the stretching mode γ W for S-CH 2 appears at 1151 cm -1 and 1129 cm -1 for acetamide and ethyl-2-ol-functionalized M oS 2 . The deformation modes δ for C-H are clearly visible at 1293 cm -1 and 954 cm -1 in methyl-functionalized M oS 2 (421; 422). Acetamide-functionalized M oS 2 nanosheets have been further studied on Figure 2.15 wherein ATR-FTIR spectra of pristine M oS 2 (blue trace) is compared to acetamide-functionalized M oS 2 (black), 2-iodoacetamide (brown), and pure acetamide compound (red).

Acetamide functionalized M oS 2 displays strong signals at 1655 cm -1 and 1605 cm -1 attributed to C=O and N-H stretching [START_REF] Long | Infrared and raman characteristic group frequencies[END_REF]. Remarkably the FTIR response for acetamidefunctionalized M oS 2 appears very similar to acetamide. 13 C Nuclear Magnetic resonance spectroscopy (NMR) 13 C CP MAS NMR was used to qualitatively assess the covalent attachment of the functional groups by comparing the chemical shift of the aliphatic carbon (α -C) of the functional group before and after the reaction. Solid-state 13 C NMR was performed on the functionalized nanosheets (Figure 2.16), whereas liquid-state 13 C NMR evaluated the organohalide reagents used of each functionalization route (Figure 2.17 

RAMAN spectroscopy

Another proof of the covalent nature of the grafting can be derived from the Raman spectra of the different samples. 1T phase of M oS 2 has two Raman modes, the in-plane mode

E 1
2G and the out-of-plane mode A 1G , as well as J 1 , J 2 and J 3 vibrational modes recently identified by Calandra (425). Figure 2.21 shows the Raman spectra of M oS 2 -derived materials where only a weak signal of the E 1 2G mode is observed for pristine M oS 2 (blue trace); indicating a majority of 1T-polytype of M oS 2 . In accordance with the literature, J 1 , J 2 and J 3 vibrational modes are observed at 147 cm -1 , 236 cm -1 , and 332 cm -1 . As previously reported by Voiry et al. [START_REF] Voiry | Covalent functionalization of monolayered transition metal dichalcogenides by phase engineering[END_REF], the signal from the 1T phase is preserved after functionalization. The A 1G band splits into two signals due to the covalent binding on the S atom. Both J 1 and J 3 widen and get downshifted whereas J 2 peak gets significantly stronger and up-shifted. In addition, strong bands attributed to the anchorage of molecules on the nanosheets can be detected. New peaks appear at ∼ 260 cm -1 and at ∼ 320 cm -1 for all the functionalized samples clearly indicating new vibrational modes due to the covalent attachment on the sulfur atoms. A new peak is also detected at ∼ 210 cm -1 for both acetamide-and methyl-functionalized M oS 2 . 

Chapter conclusion

This chapter has confirmed the covalent nature of the different functional groups by using several independent characterization techniques. Notably, M oS 2 membrane (e.g. hydrophobicity). Now we intent to link the diffusion mechanisms of water molecules within the 2D nanochannels to their surface properties. We will also evaluate any possible membrane swelling, as this phenomenon is the main limitation observed for GO membranes for water purification.

Contributions: All simulation data have been performed by Dr. N. Onofrio from the Hong-Kong University.

Chapter conclusion

This chapter has investigated the nanofluidic properties of the 2D M oS 2 nanolaminates.

Experiments proved that any covalent functionalization efficiently enables water diffusion through the impermeable pristine M oS 2 capillaries. The highest water flux is obtained for ethyl-2-ol-functionalized membranes with a flux of 45 L m -2 h -1 bar -1 , what compares favorably with state-of-the-art membranes reported in the literature (Section 3.2 "Water transport"). As expected, the water flux decreases with the polarity of the functional groups demonstrating the profound importance of controlling the surface chemistry of the nanosheets. Interestingly high water flux across methyl-functionalized M oS 2 membranes is maintained for thicker membranes, that is in apparent contradiction with the expected exponential decrease of the flux as the thickness increases. We attribute this behavior to a combination of several factors; notably (i) the different density of methyl groups on the functionalized nanosheets combined with the (ii) intrinsic hydrophobicity of the groups according to the physical characterizations of the nanosheets combined to the MD results.

Both experiment and simulation results predict an improved water flux in M oS 2 -Met. membrane (Figure 3.6 and 3.9). Overall, simulation suggests that small, hydrophobic functional groups such as methyl, are key to enhance water flow in M oS 2 membranes. By modelling the dynamic of water molecules along nanosheets, it appeared that S-atoms would intrinsically hinder water molecules mobility. In agreement with slip length measurement (section 3.3.2 "Velocity profile and slip length measurements), substituting methyl groups to these S-atoms would locally accelerate water transport,as observed experimentally.

To further understand the effect of functionalization on the water flux, we studied the organization of water molecules in the various 2D M oS 2 nanochannels, under pressure.

We computed density profiles and axial density function (ADF) of water confined in the channels (See Section 3.3.1 "Density profiles and axial density function") and found water molecules to be less structured inside methyl functionalized channels compared to water between pristine walls.

The impact of the size and the amount of grafted groups have been evaluated. We performed simulation with 12 and 50 % methyl-functionalized S-atoms and found a nearperfect correlation between fluxes and the fraction of functionalized S-atoms (section 3.3.6 "Concentration of functional groups"). We also investigated the role of steric effect on the water transport by evaluating the volume explored by the water molecules (section 3.3.3 "Size effect of functional groups"). Large functional groups such as acetamide and ethyl-2-ol prevent water to flow in various locations in the 2D capillaries. Compared to pristine (non-functionalized) case, only 35 and 42% of water molecules filled the channel of acetamide-and ethyl-2-ol functionalized M oS 2 , respectively. By contrast, the number of water molecules in methyl-functionalized channel is similar to that in the pristine channel; highlighting the importance of the steric effect of large functional groups on the water diffusion inside the nanoslits.

To determine the dynamics of confined water, we calculated the hydrogen bond correlation function [START_REF] Chandra | Effects of Ion Atmosphere on Hydrogen-Bond Dynamics in Aqueous Electrolyte Solutions[END_REF]. We found lifetimes of approximately 1 ns for water inside 12 Å CHAPTER 3. WATER TRANSPORT M oS 2 capillaries, two orders of magnitude higher than in bulk water and characteristic of an ice-like structure. The presence of non-polar functional groups such as methyl critically impacts the water structure from ice-like in pristine channels to more bulk-like water (section 3.3.4) -translating into shorter hydrogen bond life times.

As a perspective, it would be interesting to further use our MD model in order to find optimized hydrophobic groups. Parameters such as the length of C-chain could be modulated in order to achieve higher water fluxes. This could open novel functionalization routes. It however imposes the improvement of the force field parameters in order to better describe the reality of the nanofluidic phenomena inside the capillaries. On the experimental point of view -as predicted by simulation-it would be of significant interest to increase amount of grafted groups in order to accelerate water transport.

This chapter discloses the application of functionalized MoS 2 membranes in areas related to molecular transport and separation -for water treatment. Based on the results of molecular simulations and water treatment experiments, we discuss the transport mechanisms of different salts and micropollutants within the modified MoS 2 nanochannels. We will study the ion diffusion in both forward (FO)-and reverse (RO) osmosis (see Chapter 1, Section 1.2 "Membrane filtration"). The discussion will aim at evaluating how the surface chemistry of 2D nanoporous network can affect the final performance of membranes in terms of flux and rejection. We expect the covalent attachment of the functional groups to induce a precise control of molecular selectivity and superior permeance. This chapter will provide a clear indication about the beneficial impact of tailoring the surface chemistry of M oS 2 nanosheets for both tap-and sea-water treatment.

Contributions: Eddy Petit preformed the HPLC measurements and Léa Causse from the "Plateforme AETE-ISO" of the University of Montpellier did the ICP-OES analysis. when using a salt concentration of 0.12 % and under 5 bar [START_REF] Han | Ultrathin Graphene Nanofiltration Membrane for Water Purification[END_REF]. We believe that our results are superior to the current state of the art of RO nanolaminate membranes and validate the scientific hypothesis of this study. As shown in Figure 4.10, the functionalized M oS 2 membranes show clear improvement toward desalination compared to other membranes based on 1D or 2D materials. Hybrid membranes consisting of GO and carbon nanotube exhibit a rejection of ∼ 59 % at 5.5 L m -2 h -1 bar -1 for a NaCl concentration of 0.06 % and an external pressure of 5 bars [START_REF] Han | High-flux graphene oxide nanofiltration membrane intercalated by carbon nanotubes[END_REF]. Alternatively, Zhao and colleagues reported that RO membranes based on 2D GO and 0D GO quantum dots reach a water flux as high as 128 L m -2 h -1 bar -1 with a modest rejection of ∼ 15 % using a 0.02 wt.% NaCl solution and a pressure of 1.5 bar [START_REF] Zhao | Thermally Reduced Graphene Oxide Membrane with Ultrahigh Rejection of Metal Ions' Separation from Water[END_REF]. It is worth noting that many desalination experiments reported are performed at lower NaCl concentrations in the range of 0.01-0.2 wt.% (Table 4.6). CHAPTER 4. WATER TREATMENT

Chapter conclusion

In this chapter, molecular transport within 2D M oS 2 nanochannels have been studied. We have shown that covalent functionalization of exfoliated nanosheets can efficiently control the interlayer spacing and enhance the sieving performance of the nanolaminate membranes. The functionalized MoS 2 membranes demonstrate outstanding performance towards water purification compared to the current state of the art with > 90% and ∼ 87% rejection for micropollutants and NaCl rejection respectively when operating under reverse osmotic conditions. Competitive water flux are also obtained when working in forward osmosis configuration. The excellent sieving and water flux of the functionalized MoS 2 membranes are attributed to i) the precise regulation of the capillary widths between the nanosheets and ii) the control of the surface chemistry of the nanosheets. Experimental results suggest that small, hydrophobic functional groups such as methyl, are key for enhancing the water flow in M oS 2 membranes as supported by molecular dynamic simulations. We believe our strategy paves the way to the preparation of membranes with tunable sieving behavior. The control of the surface chemistry of exfoliated 2D materials allows further exploring nanofluidic phenomena inside nanolaminate membranes at fundamental and practical levels for water purification or osmotic energy.

CHAPTER

FIVE

SUMMARY & OUTLOOK

This work has aimed to investigate the molecular transport in confined 2D nanocapillaries. We have shown that covalent functionalization of exfoliated nanosheets can efficiently control the interlayer spacing and enhance the sieving performance of nanolaminate membranes. The functionalized MoS 2 membranes demonstrated remarkable performances towards water purification and desalination compared to the current state of the art.

The first part of this thesis has presented the synthesis of MoS 2 membranes functionalized with different groups, and exposed the experimental evidences of the covalent nature of their attachment. Because of the nature of the precursors and the stability of the dispersed functionalized nanosheets in their medium, two different routes of preparation of the membranes were proposed. The first one involves the functionalization of the nanosheets prior their assembly into laminates (acetamide-and ethyl-2-ol-groups), whereas the second method consists in grafting the functions after the membrane assembly (methyl groups).

Our experimental results demonstrated that all modified MoS 2 membranes via covalent functionalization show improved stability in water that -constitutes a major limitation for the use of graphene oxide membranes. Besides, we found that small, hydrophobic groups -such as methyl functions for instance -significantly favour fast water diffusion, as supported by MD simulations. Interestingly, water permeance in methyl-decorated membranes is largely preserved within thick laminates. This behaviour contradicts the conventional exponential decrease of the flux when the membrane thickness increases. We attribute this phenomena to a non homogeneous distribution of the methyl groups in the membranes. Indeed, experimental characterizations demonstrated a locally higher degree of methyl functionalization of the nanosheets for the thickest membranes due to nonuniform diffusion of the organohalide molecules. As supported by MD simulations, this can significantly accelerate water diffusion. In addition, the hydrophobic nature of the methyl groups is responsible for its improved slip length that translated into faster water transport -similar to the case of carbon nanotubes.

To assess the impact of the nanoporous properties of MoS 2 laminates on molecular transport, the membranes have been tested for the purification of brackish and fresh water in order to target the rejection of both salts and micropollutants (such as an organic dye, drugs, and an hormone). Together with high water fluxes, the functionalized MoS 2 membranes demonstrate >90 % rejection of NaCl, what compares favorably with current desalination membranes. In addition, MoS 2 -modified membranes achieved ∼87 % rejection of several micropollutants with a large range of sizes (from ∼3.8 Å up to ∼10 Å) for which strategies of elimination are scarce and costly. The sieving performance and water flux of the functionalized MoS 2 membranes are attributed to both control of the capillary widths of the nanolaminates and adjustment of the surface chemistry of the nanosheets.

The control of the surface chemistry and the interlayer spacing therefore offers opportunities to tune the selectivity of the membranes while enhancing their stability. This research thesis provides a better understanding of (i) the role of 2D nanosheets surface chemistry and (ii) molecular transport mechanisms in confined nanochannels. This interdisciplinary and innovative approach of tailoring the surface chemistry of 2D nanocapillaries gave rise to superior performances toward both sea-and tap water purification. This work therefore establishes a proof of concept that may subsequently motivate fundamental and applied reflections in nanofluidics. More specifically, it broadens perspectives of using 2D materials as membranes and may open new routes to the scientific community in its searching of efficient water treatment solution.

Outlook

Despite promising achievements, the presented results will require further effort in order to develop competitive membranes that comply with realistic industrial conditions. Regarding desalination, it would be of great interest to test the performances of functionalized nanolaminate membranes at the salinity of sea water (i.e. 3.2 wt.% NaCl vs. 0.58 wt.% NaCl used in this study). However, the RO apparatus used in this work could not meet such conditions for two reasons. First, to treat such highly concentrated brine, the applied working pressure should overcome the inherent osmotic pressure of 25 bars imposed by the solution. Owing to the limitation of our filtration device, we did not perform such high-pressure experiments. On the other hand, the dead-end configuration is not the most appropriate technique for the desalination of highly concentrated solution because a nonnegligible concentration-polarization effect at the surface of the membrane would rapidly build-up, significantly altering its performances. Cross-flow measurements will be more suitable for these conditions. Although the concentration polarization effect is reduced under cross-flow configuration, such measurements poses other challenges related to the stability of the nanolaminates under the water shear flow.

Our preliminary on-going study concerning cross flow measurement have revealed the good stability of functionalized MoS 2 membrane. We present below the scanning electron microscope (SEM) images of a methyl-functionalized membrane after 20 hours operating in cross-flow configuration with a velocity of 0.5 m s -1 (Figure 5.1)). The MoS 2 membrane appears to be overall well preserved with no peeling-off effects. This can be explained by These perspectives could improve the characterization of covalently modified MoS 2 membranes, to further elucidate molecular transport in two-dimensional nanoconfined spaces.

Fourrier Transformed Infrared spectroscopy (FTIR) and Attenuated total reflectance FTIR Attenuated total reflectance FTIR (Nicolet Nexus FT-IR spectrometer equipped with a ATR Diamond Golden Gate).

Thermogravimetric Analysis (TGA)

Thermogravimetric analysis (TGA) is a destructive technique that can quantify the chemical composition of a material. It consists in recording the mass variation of a sample when heated at high temperatures.

TGA quantified the functionalization ratio and were performed on a TGA Q500 Thermogravimetric Analyzer equipped with Thermal Analysis Controller. After purging the system for 30 min at 50 • C, samples were heated under nitrogen at 10 • C min -1 from 50

• C up to 800 • C. Data were collected on Universal Analysis software.

Atomic Force Microscopy (AFM)

Atomic Force Microscopy (AFM) is a versatile microscopy technology that can image threedimensional topography and also recover various type of surface measurement. AFM probe consists of a very sharp tip hang off at the bottom of a long cantilever. The motion of the AFM tip as it scans along the surface allows imaging using a laser beam reflected off the cantilever. A position sensitive photodetector converts the signal of the reflected laser beam into the vertical and lateral motion of the probe. Physical properties of the nanosheets have been explored, for instance, their size have been estimated by atomic force microscopy using Digital Instruments Nanoscope IV in tapping mode with standard cantilevers with spring constant of 40 N/m and tip curvature <10 nm.

We thank Michel Ramonda from the Centrale de Technologie en Micro et nanoélectronique (CTM) of Montpellier who recorded AFM measurements.

Membrane properties

Contact Angle

Contact angle is a common parameter to evaluate the wettability of a surface, and describe how a liquid spreads on a substrate. It corresponds to the angle that a liquid creates when contacting a solid or liquid surface and it is a balance between cohesion and adhesion forces. For instance, when the cohesive forces in-between the liquid molecules are weaker than their adhesive forces with the substrate, the liquid molecules tend to interact more with the solid than the other liquids molecules. Consequently the contact angle will be small (wetting). By convention, a surface is hydrophobic when having a water contact angle θ > 90 • and hydrophilic for θ < 90 

Reactive MD and interatomic potential

We performed fully reactive molecular dynamics simulations with ReaxFF [START_REF] Van Duin | A Reactive Force Field for Hydrocarbons[END_REF]. Such force field are meant to calculate the potential of energy of a system of atoms through a function that describe atomic interactions such as bond and nonbond terms and parameter sets proper to each kind of atoms and chemical bonds. The reactive force field ReaxFF presents the advantage to model millions of atoms with the precision of quantum mechanics and at a competitive computational cost compared to traditional classic force fields [START_REF] Ilyin | First-principlesbased reaction kinetics from reactive molecular dynamics simulations: Application to hydrogen peroxide decomposition[END_REF].

It can describe a wide range of large-range systems (i.e. defects, surfaces, chemical reactions, diffusion) while taking into account the creation or dissociation of chemical bonds.

Besides, ReaFFx can describe the nonbond interactions between all atoms (i.e. long-range electrostatic and Van der Waals forces), that are computationally intensive.

The density functional theory (DFT) has been used to investigate the electronic structure of this many-body-system. DFT theory has been slightly adjusted to properly describe intermolecular interactions.

C, H, O and N force field parameters were taken from Ref. [START_REF] Kim | Simulation of Titanium Metal / Titanium Dioxide Etching with Chlorine and Hydrogen Chloride Gases Using the ReaxFF Reactive Force Field[END_REF] and combined with that of M oS 2 from Ref. [START_REF] Ostadhossein | ReaxFF Reactive Force -Field Study of Molybdenum Disulfide (MoS2)[END_REF]. We slightly modified the S-O van der Waals (vdW) parameters to improve the water/M oS 2 interactions. These parameters have been optimized against density functional theory (DFT) calculations corresponding to the adsorption of a single water molecule on a monolayer M oS 2 and, water molecules in between M oS 2 layers. Figure 6.4 shows the corresponding potential energy surfaces before and after optimization [START_REF] Grimme | Semiempirical GGA -type density functional constructed with a longrange dispersion correction[END_REF]. Both monolayer and bulk supercells were built by replicating 4×4 times the rectangular unit cell of M oS 2 in the in-plane directions. A 2 × 2 × 1 and 1 × 1 × 2 k-grid was used for monolayer and bulk calculations, respectively. We used a 400 eV kinetic energy cutoff and, we assumed convergence when energy and forces reached thresholds of 10 -4 eV and 5×10 -2 eV Å -1 , respectively.

DFT calculations were also used to estimate the binding energy between the ions and the functional groups during ion sieving experiments. DFT calculations were performed with ORCA 19 at the B3LYP level and with the def2-TZVP basis set.

Nanofluidic simulations

Nanofluidic transport simulations were performed using the fluctuating wall method. This technique consists in exerting an external potential on a fluid located within a container using a frictionless piston [START_REF] Lupkowski | Computer simulation of fluids interacting with fluctuating walls[END_REF]. We followed ideas from Berendsen's thermostat [START_REF] Berendsen | Molecular dynamics with coupling to an external bath[END_REF] to adjust the position of two harmonic walls (which interact with water via a simple harmonic potential) perpendicular to the channel and located at the boundaries of the simulation cell (Figure 3.10,a). The position of one wall x at time t is defined as in Equation 6: µ = 1β ∆t τ (P -P ext ) (6.2)

x = x 0 + µν 0 t with x 0 , v 0 the initial position and velocity of the wall, µ scaling factor computed every 10 steps in the present simulations, β the compressibility, δt the time step,τ a time constant, P ext the target pressure and P the pressure computed as the total force on the wall divided by its area. β and τ were optimized to reach fast pressure equilibration resulting in the values 0.05 and 10000, respectively. The external pressure on the feed and permeate walls is represented on Figure 6.5. 500 MPa pressure gradient is achieved by setting the pressure of the feed reservoir to 510 MPa and that of the permeate reservoir to 10 MPa. The water flux was computed from the slope of the number of water molecules crossing the mid-point of the nanochannel as a function of simulation time. We converted units from the number of water molecules per nanoseconds (water ns -1 ) to L m -2 h -1 bar -1 by normalizing with the area of the channel (length×width) and dividing by the applied pressure of 500 MPa.

The number of water molecule per liter was calculated assuming a water density of 1 g cm -3 .

Inductively Coupled Plasma Optical Emission Spectrometry (ICP-OES)

Inductively Coupled Plasma Spectrometry (ICP) is a technique that simultaneously quantify almost all components of a mixture. It consist in the ionisation of a sample (liquid or solid) using an argon or helium plasma. Prior ionization, the sample is vaporized into an aerosol composed on fine droplets. The plasma is generated and maintained by a coil, and the ionized atoms are analyzed by a coupled Optical Emission Spectrometer (OES) that quantifies the elements to analyze on the basis of their emitted light.

After desalination testings, the concentration of NaCl was measured using Inductively Coupled Plasma Optical Emission Spectrometry (ICP-OES). ICP-OES measurements were obtained using an ICAP 7400 ICP-OES Analyzer spectrometer (THERMO SCIENTIFIC).

We thank Léa Causse from the Plateforme AETE-ISO of the University of Montpellier (who performed all ICP-OES testings.

Résumé

Les technologies de séparation par membranes jouent un rôle important dans divers domaines tels que le traitement de l'eau, la séparation de produits chimiques et de gaz dans de nombreux domaines industriels ou encore l'industrie alimentaire. L'accent a récemment été mis sur les matériaux bidimensionnels (2D) pour les applications membranaires, car leur épaisseur atomique et leur espacement limité entre les couches pourraient théoriquement améliorer les performances de séparation. Les nanofeuillets eux-mêmes ou l'empilement de plusieurs feuillets peuvent former des membranes sélectives. L'empilement multicouche de monofeuillets sous forme de membrane nanolaminée crée des capillaires 2D (ou nanocanaux) capables de tamiser efficacement les espèces chimiques en fonction de leur taille.

Des exemples récents ont été rapportés dans la littérature démontrant le potentiel des matériaux 2D en tant que membranes multicouches ou monocouches pour le tamisage moléculaire (224; 262; 464; 206), la séparation de gaz (221; 248; 192),la production d'énergie [START_REF] Guo | Bio-Inspired Two-Dimensional Nanofluidic Generators Based on a Layered Graphene Hydrogel Membrane[END_REF] et le dessalement de l'eau de mer (200; 196).

Parmi les différentes membranes 2D nanolaminées, l'oxyde de graphène (GO) est le matériau le plus étudié, et le tamisage moléculaire au sein de sa structure est principalement dicté par la taille de ses capillaires 2D [START_REF] Joshi | Precise and ultrafast molecular sieving through graphene oxide membranes[END_REF]. Malheureusement, l'hydrophilie importante des nanofeuillets rend les membranes de GO instables en milieu aqueux, et la difficulté de contrôler la largeur des capillaires entre les nanofeuillets limite l'utilisation de ces membranes pour le traitement des eaux. D'autres matériaux 2D tels que les nanofeuillets exfoliées de dichalcogénures de métaux de transition (TMD) constituent des plateformes attrayantes pour la réalisation de membranes nanolaminées.

Des travaux récents menés sur des membranes nanolaminées en disulfure de molybdène (M oS 2 ) ont montré sa stabilité améliorée (3). Dans le cadre de cette thèse, nous avons étudié les performances d'un nouveau type de membranes nanolaminées en M oS 2 pour lesquelles la chimie de surface des feuillets est précisemment contrôlée [START_REF] Ries | Enhanced sieving from exfoliated MoS 2 membranes via covalent functionalization[END_REF]. Afin d'évaluer le rôle de la chimie de surface, nous avons exploré l'impact de la fonctionnalisation covalente sur le tamisage moléculaire pour la purification de l'eau (plus particulièrement le dessalement et l'élimination des micropolluants) [START_REF] Ries | Enhanced sieving from exfoliated MoS 2 membranes via covalent functionalization[END_REF]. Nos résultats ouvrent de nouvelles voies pour ajuster avec précision les capacités de séparation des membranes à base de matériaux 2D.

Mots-clé: Membrane, Matériaux 2D, Greffage, Traitement des eaux, MoS 2

First

  I would like to thank those who, in the last instance, agreed to judge this work. I deeply thank Pr. Aidan McDonald, Dr. Alain Pénicaud, Dr. Alessandro Siria, Dr. Florence Babonneau and Pr. Guillaume Maurin for taking the time to analyse my work and to give me their precious advice. Ma profonde gratitude s'adresse ensuite à mes encadrants le Pr. Philippe Miele et le Dr. Damien Voiry qui m'ont permis de réaliser cette thèse. Merci Philippe pour vos conseils et vos retours. Damien, merci de m'avoir guidé, soutenu (et supporté) jours après jours pendant ces trois ans. Ta détermination et ta persévérance sont pour moi une source d'inspiration, et je suis plus que chanceuse d'avoir pu être ta première étudiante. Audelà de toutes les connaissances scientifiques que tu m'as -et continues de m'apporter, je ne saurais te remercier pour ta disponibilité et ta compréhension. Quand bien même l'association thèse/maternité aurait pu effrayer certains, ta confiance et ton soutient ont énormément contribué à ce que cette aventure se déroule aussi bien. Je remercie également l'école doctorale Sciences Chimiques Balard pour m'avoir donné l'opportunité de réaliser ce doctorat et pour me permettre de présenter mes travaux au MRS 2019 à Boston. Ma reconnaissance s'étend bien sûr à toutes les personnes qui m'ont également fait partager leur expertise pendant ces années de thèse, à commencer par tous les collaborateurs qui nous ont aidé dans nos travaux. Je remercie le Dr. Nicolas Onofrio de l'Université Polytechnique d'Hong-Kong qui a réalisé l'étude de simulation du transport dans nos membranes, et qui a pris le temps -avec six heures de décalage horaire -d'échanger régulièrement avec nous. Merci au Pr. Christel Gervais du Collège de France et à Cristina Coelho Diogo de l'Université de la Sorbonne qui ont réalisé les mesures de RMN solide et merci au Dr. Chrystelle Salameh qui a pris le temps de discuter ces résultats avec nous. Je remercie également le Dr. Thierry Michel du laboratoire Charles Coulomb pour son analyse, ses conseils et sa formation à la spectroscopie RAMAN; Valérie Flaud de l'Institut Charles Gerhardt Montpellier qui a réalisé les mesures XPS et Léa Causse de la Plateforme « AETE-ISO » de l'Université de Montpellier qui a caractérisé nos solutions salines par ICP-OES. Merci à Michel Ramonda de la Centrale de Technologie en Micro et nanoélectronique (CTM) qui a effectué les mesures AFM et à Erwan Oliveiro de l'Institut Charles Gerhardt Montpellier qui a réalisé les images TEM. Mes remerciements s'adressent également aux personnes qui m'ont gentiment dépanné au besoin; le Dr. Joseph Chamieh de l'institut des Biomolécules Max Mousseron pour le potentiel zeta, le Dr. Romain Berthelot pour la diffraction aux Rayons X, le Pr. Lorenzo Stievano l'accès au logiciel Avantage, et le Dr. Vincent Germain de l'entreprise NEOLLIA et sa centrifugeuse dont nous prenons maintenant grand soin. A l'IEM maintenant ! Un grand merci à Eddy Petit pour son aide pluridisciplinaire (manip infrarouge, HPLC, RMN liquide et bien sûr conseils « bébé ») et sa disponibilité. Je remercie profondément le Dr. Christophe Charmette et Jim Cartier pour m'avoir tant appris sur l'art de la séparation de gaz; de la théorie à la pratique (en passant par le découpage/pliage des tuyaux, ou la pose de vernis à ongle)! Malgré vos doutes perceptibles concernant mes longues heures passées dans votre salle aux trésors, je vous encourage à croire que des résultats (prometteurs) sont en chemin. Un grand merci également au Dr. Anne Julbe et au Dr. Martin Drobek pour avoir toujours pris le temps de suivre mon travail et pour votre aide inestimée pour le dépôt et la caractérisation de nos membranes tubulaires pour le transport de gaz. J'ai aussi une pensée nostalgique pour toutes les personnes avec qui j'ai passé une superbe semaine à Dresden ! Je remercie également le Dr. Sebastien Balme pour son accompagnement concernant les caractérisations de transport d'ions, pour toutes les conversations au détour d'un couloir et un grand merci au petit Maxime pour sa collection automne/hiver & printemps/été. Merci à Didier Cot et Bertrand Rebiere de la plateforme microscopie pour leurs images et leur bonne humeur (et bonne musique) à chaque visite. Je remercie aussi Nathalie Masquelez pour sa formation à l'ATG et sa bienveillance à chaque rencontre, et le Dr. Arie van der Lee pour sa formation à la diffraction aux rayons X. Je voudrais remercier le Pr. Mihail Barboiu pour son aide concernant les mesures de flux à haute pression et ses encouragements; ainsi que le Dr. Jean-Pierre Mericq et le Dr. Francois Zaviska pour leurs conseils sur les mesures en dead-end (et les parenthèses mécanique, boxe, canoe et j'en passe). Merci au Dr. Mona Semsarilar et au Dr. Stéphanie Roualdes pour leur écoute, leur soutien et leurs paroles bienveillantes. Merci au Dr. Mikhael Bechelany pour sa confiance et sa bonne humeur contagieuse. Merci au Dr. Mattieu Weber pour ses encouragements, ses recommandations incontournables et un grand merci au petit Noah pour sa garde robe.

1. 6 . 5

 65 Limitation of 2D membrane for water purification . . . . . . . . . . . Tailoring of 2D membranes . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1.7 Tailoring of 2D membranes . . . . . . . . . . . . . . . . . . . . . . . . . . . 1.7.1 Changing surface chemistry . . . . . . . . . . . . . . . . . . . . . . . 1.7.2 Hybrid 2D membranes . . . . . . . . . . . . . . . . . . . . . . . . . . 1.7.3 Physical modifications of nanosheets and nanolaminates . . . . . . . 1.7.4 Conclusion and perspectives . . . . . . . . . . . . . . . . . . . . . . . 2 SYNTHESIS & FUNCTIONALIZATION OF THE NANOLAMINATE MEMBRANES 2.1 Synthesis of 2D nanosheet . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2.1.1 Synthesis of exfoliated single-layer M oS 2 nanosheets . . . . . . . . . 2.1.2 Synthesis of single-layer graphene oxide (GO) . . . . . . . . . . . . . 2.1.3 Size distribution of the single-layer M oS 2 nanosheets . . . . . . . . . 2.2 Fabrication and characterization of M oS 2 membranes . . . . . . . . . . . . 2.2.1 Fabrication of M oS 2 membranes . . . . . . . . . . . . . . . . . . . . 2.2.2 Functionalization of single-layer M oS 2 nanosheets . . . . . . . . . . 2.2.3 Pore size within M oS 2 nanolamellar networks . . . . . . . . . . . . . 2.2.4 Local structure of single nanosheets observed by HRTEM . . . . . . 2.2.5 Surface properties of the M oS 2 nanosheets . . . . . . . . . . . . . . 2.2.6 Proof and quantification of the covalent grafting . . . . . . . . . . . 2.2.7 Influence of the membrane thickness on the functionalization degree and stacking order of the M oS 2 nanosheets . . . . . . . . . . . . . . 2.3 Chapter conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3 WATER TRANSPORT 3.1 Behaviour of functionalized M oS 2 membranes in water . . . . . . . . . . . . 3.1.1 Stability of the functionalized M oS 2 membranes . . . . . . . . . . . 3.1.2 Swelling of functionalized M oS 2 -based membranes . . . . . . . . . . 3.2 Water transport . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3.2.1 Reverse osmosis (RO) measurements . . . . . . . . . . . . . . . . . . 3.2.2 Stability of the water flux in dead-end configuration . . . . . . . . . 3.3 Molecular dynamic simulation of water transport . . . . . . . . . . . . . . . 3.3.1 Axial density function and density profiles . . . . . . . . . . . . . . . 3.3.2 Velocity profile and slip length measurements . . . . . . . . . . . . . 3.3.3 Size effect of functional groups . . . . . . . . . . . . . . . . . . . . . 3.3.4 Hydrogen bond correlation function . . . . . . . . . . . . . . . . . . 3.3.5 Velocity map . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3.3.6 Concentration of functional groups . . . . . . . . . . . . . . . . . . . 3.4 Chapter conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Figure 1 .

 1 Figure 1.11) . Each single layer has a thickness of ∼6.2 Å and the free spacing between two consecutively stacked layer is 0.30 nm[START_REF] Stewart | Atomistic simulations of nanoindentation on the basal plane of crystalline molybdenum disulfide (MoS2 )[END_REF].

Figure 1 . 11 :

 111 Figure 1.11: Crystal structures of the (a) 2H and (b) 1T phases of MoS 2 , where Mo is colored purple and S yellow. (c) High-resolution transmission electron microscope image of an atomically thin phase boundary (indicated by the arrows) between the 1T and 2H phases in a monolayered MoS 2 nanosheet. Scale bar, 5 nm. (d) Photoluminescence map of a triangular monolayered MoS 2 nanosheet. The left side of the triangle is the 2H phase, whereas the right side was converted to the 1T phase. (e) Electrostatic force microscopy phase image of a monolayered MoS 2 nanosheet showing the difference between locally patterned 2H (bright color) and 1T (dark color) phases. Scale bars in (d,e) are 1 µm. (f ) XPS spectra showing the Mo3d and S2s peaks of the 1T and 2H phases of MoS 2 . Figure reported from Ref.[START_REF] Kappera | Phase-engineered low-resistance contacts for ultrathin MoS2 transistors[END_REF] 

Figure 1 . 12 :

 112 Figure1.12: Scheme of the top-down and bottom-up approach in graphene synthesis[START_REF] Chaitoglou | Growth Study and Characterization of Single Layer Graphene Structures Deposited on Copper Substrate by Chemical Vapor Deposition[END_REF] .

Figure 1 . 25 :

 125 Figure 1.25: Schematic of different regimes of selective transport. At 0 min, transport of both KCl and Allura Red occurs only through intrinsic defects and cracks in the graphene. At 5 min, the increase in membrane potential suggests the emergence of modest selectivity in the transport of the positively charged potassium ion over the negatively charge chloride ion. At 25 min, the electrostatic effects have diminished and the created pores are larger than KCl yet smaller than Allura Red molecules, permitting the transport of KCl yet blocking the transport of Allura Red. After 60 min of etching, the pores are now large enough to permit transport of Allura Red AC across the membrane (203).

  On the other hand, narrower interlayer spacings favor size exclusion mechanisms. Multilayer nanoporous graphene membranes proved an economical advantage and could easily be tuned, what opens new platform for the design of multilayer graphene-based membrane. The ionic selectivity in graphene based framework was later experimentally confirmed (210; 203).

  asymmetrical nanovoids, graphene domains of the top sheets might face oxidized regions of bottom the flakes, and such arrangement would favor the formation of strong hydrogen bonding with water molecules. Fast deposition leads to 4-times lower water flux than slow vacuum deposition. These observation are in line with the recent "cluster-like" proposals concerning the surface chemistry of GO nanosheets. Water flow across GO capillaries is twice that predicted by Poisseuille flow equation (viscous flow) -that is the water transport theory across 2D nanochannels (see equation 1.6). J = d 4 ∆D 12L 2 ηh (1.4) with d the size of the capillary (distance between two consecutively stacked basal planes), L the length of the nanosheets, h the overall thickness of the membrane and η the fluid viscosity.

ure 1 .Figure 1 .

 11 Figure 1.27,e) . Interestingly, the solvent permeance exponentially decreases with membrane thickness in thin laminates (≤ 150 nm) made of large sheets (10 to 20 µm). This behavior, in contradiction with the conventional increase of molecular diffusion when the path length increases, is attributed to the more pronounced intralayer solvent transport (through inner-sheet pinholes). Such phenomenon was also described for water molecules in thin membranes (8-70 nm)[START_REF] Moghadam | Two-dimensional nanoporous materials: membrane platform for gas and liquid separations[END_REF]. These studies demonstrate the predominant intersheet diffusion of both water and solvent molecules in ultrathin GO membranes.

1. 6 . 5

 65 Limitation of 2D membrane for water purificationSo far, membranes based on 2D materials have demonstrated their theoretical potential for molecular separation. If all materials share the advantage of being extraordinary thin, they additionally each present their own promising feature. For example, while graphene-derived compounds show ultrafast water transport and modulated sieving performances, MOF and LDH nanosheets own impressive gas selectivities. However, the use of 2D nanosheets for water purification without any sensible modification remains challenging. Either limited by stability issue (e.g. swelling), lack of selectivity (i.e. pore size too large for the sieving of small molecules such as ions), non-controlled synthesis (i.e. defects) or reduced molecular transport (i.e. low permeance), most 2D membranes would need further enhancement to become competitive for water treatment. For these reasons, several techniques have been used to tailor 2D nanochannels and under the guidance of theoretical predictions, various practical modifications have been experienced. Besides tailoring the surface chemistry of the sheets, attempts to tune the pathway of the molecules inside the membranes could sensitively change their performances. To this end, the stacking order in laminated membranes (e.g. defects, intercalation) or the inner parameters of the sheets (geometry, intraporosity) can be modulated. These investigations have been possible by the relatively easy dispersion of most 2D nanosheets in liquids. Finally, such modifications not only have the purpose to tailor membrane performance, it also aims to elucidate molecular transport mechanisms within 2D nanogalleries. In the upcoming discussion, we will overview the different strategies of modifications of 2D laminar membranes. Their impact on molecular transport and their potential for water purification will be stressed.

Figure 2 .

 2 2 shows the size distribution statistics of exfoliated M oS 2 nanosheets. The average length and width are estimated to 340 and 230 nm respectively. This parameter is dictated by the size of the nanosheets in the bulk crystal vapor deposition were compared, and were respectively 58 • and ∼95 • (see Figure 2.13). CA of CVD grown M oS 2 is close to the values reported by Chow et al. for single-layer M oS 2 and W S 2 : 82 • and 85 • , respectively. The lower contact angle of as-exfoliated M oS 2 membranes is attributed to the presence of charge in chemically exfoliated 1T M oS 2 . Indeed Heising et al. have reported that there is a 30% excess of charge in the chemically exfoliated M oS 2 nanosheets (420). This is also confirmed by the Zeta potential of asexfoliated M oS 2 which is significantly larger than that of functionalized M oS 2 and 2H M oS 2 8: -45.4 mV vs. -30 mV for 1T and 2H M oS 2 , respectively.

Figure 2 . 13 :

 213 Figure 2.13: Water contact angle measurements from single-layer M oS 2 grown by CVD and deposited on SiO 2 /Si wafer*, M oS 2 -and functionalized M oS 2 -membranes. The contact angle can to be tuned from 58 • for pristine M oS 2 up to 90 • for methyl-functionalized M oS 2 . All error bars correspond to standard deviation of at least 4 samples.

Figure 2 .

 2 Figure 2.14: ATR-FTIR spectra of pristine (non-functionalized) M oS 2 (blue), acetamidefunctionalized M oS 2 (black), methyl-functionalized M oS 2 (green) and ethyl-2-ol-functionalized M oS 2 (orange); (*: (129); **: (421)).

Figure 2 .

 2 Figure 2.15: ATR-FTIR spectra of pristine (non-functionalized) M oS 2 compared with covalently functionalized M oS 2 nanosheets with acetamide groups (black trace), 2-iodoacetamide (brown trace) and acetamide (red trace); (*:(129); **: (421) ).

  ). The chemical shift from O = C -N H 2 bond in 2-iodoacetamide, and HO-CH 2 -CH 2 bonds in 2-iodoethanol appear respectively at 174.8 ppm and 63.37 ppm. These peaks are not significantly shifted after functionalization (Figure 2.16). The chemical shift of the -C from C-I appears at ∼ 2.51 ppm, ∼ 23.20 ppm and 8.97 ppm for 2-iodoacetamide, iodomethane and 2-iodoethanol, respectively (Figure 2.17). The displacement of the chemical shift of the α -C after functionalization (of ∼ 40-50 ppm) clearly confirms the covalent attachment of the functional groups caused by the formation of the S-C bond. NANOLAMINATE MEMBRANES

Figure 2 . 21 :

 221 Figure 2.21: Raman spectra of pristine (non-functionalized) M oS 2 (blue), acetamidefunctionalized M oS 2 (black), methyl-functionalized M oS 2 (green) and ethyl-2-olfunctionalized M oS 2 (orange).

CHAPTER 2 .

 2 SYNTHESIS & FUNCTIONALIZATION OF THE NANOLAMINATE MEMBRANES

  with the work of Morelos-Gomez et al. . Other RO membranes in the literature based on graphene oxide have a rejection of 20-40 % despite using lower NaCl concentrations and lower applied pressure compared to our work. For instance, in reverse osmosis, graphene oxide membranes exhibit a NaCl rejection of ∼ 40 % with a water flux of 4 L m -2 h -1 bar -1

  • . been used to calculate the time-dependant behavior of molecular systems, by solving the Newtonian equations of motion numerically.[START_REF] Allen | Introduction to Molecular Dynamics Simulation[END_REF].Simulation detailsMD simulations were performed with a large-scale MD package LAMMS (Large-scale Atomic/Molecular Massively Parallel Simulator). This code focuses on material modeling, and can represent ensembles of particles that can be liquid, solid or gas. It has the advantage to include the interactions of particles, while integrating the Newton's equation of motion.Simulations cells were built starting from a 6-atoms orthogonal primitive cell of M oS 2 in the 1T' phase[START_REF] Voiry | Covalent functionalization of monolayered transition metal dichalcogenides by phase engineering[END_REF] and replicated 20×8 in the in-plane directions to create one of the (upper and lower) channel wall. The curved region was achieved by bending to 90 • 4 unit cells symmetrically along the long direction. Water molecules were introduced using VMD (451) in both reservoirs and inside the nanochannel (for γ 10 Å). All simulations were performed with the large-scale MD package LAMMPS[START_REF] Plimpton | Fast Parallel Algorithms for Short -Range Molecular Dynamics[END_REF] with a time step of 0.5 fs in the NPT ensemble at 300 K and 1 Atmosphere. Periodic boundary conditions were applied along the directions perpendicular to the channel. Simulation cells were minimized and equilibrated for short 5 ps run without external pressure followed by 500 ps under an applied pressure of 500 MPa to reach steady-state.

  2 , à défaut des dérivés du graphène. Plus précisement, ces travaux proposent d'ajuster précisement les dimensions et les propriétés chimiques des pores d'une membrane de M oS 2 dans le but d'y optimiser la diffusion moléculaire. Deux applications majeures seront abordées, à savoir :(i) la désalinisation de l'eau de mer ainsi que (ii) l'extraction de micropolluants dans les eaux usées (hormones, composés pharmaceutiques. . . ).Les différences de tailles et de compositions des contaminants ciblés dans ces appli-

cations nécessitent de contrôler de manière précise la structure poreuse des membranes.

Pour cela, nous avons modifié chimiquement les feuillets de M oS 2 en y greffant de manière covalente des groupements précautionneusement choisis. De cette manière nous créons des grillages moléculaires innovants, dont la taille des mailles s'ajuste parfaitement pour filtrer sélectivement les molécules cibles. Par cette approche, nous proposons une compréhension poussée des mécanismes de transport moléculaires dans leur ensemble (eau, ions, contaminants) au sein des réseaux poreux 2D

[START_REF] Ries | Enhanced sieving from exfoliated MoS 2 membranes via covalent functionalization[END_REF]
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  Peng et al. took an initial step fabricating ultrapermeable 2D MOF membrane withunprecedented H 2 /CO 2 separation properties. To do so, they isolated and assembled a 1 nm thick 2D [Zn 2 (bim) 4 ] into an ultrathin (≤10 nm) lamellar membrane[START_REF] Peng | Metal-organic framework nanosheets as building blocks for molecular sieving membranes[END_REF]. The exfoliation consisted in wet ball-milling combined with sonication in organic solvents. Membranes were assembled using hot-drop casting onto alumina porous substrate. H 2 permeance as high as 2500 GPU and H 2 /CO 2 selectivity about 260 has been obtained under optimized operating conditions, owing to 0.21 nm pores. In a similar manner, various other MOFs have been exfoliated and restacked onto 2D lamellar structure and showed efficient performances as hydrogen separation membrane(270; 271; 272). Due to their instability in water, the use of 2D-MOF membrane for water purification has however not been reported without further modification.

  Hydrothermal NiAl-CO 3 with 2D-nanopores of 0.31 nm was used for H 2 purification showing ideal selectivity α H 2 /CH 4 of ∼ 80[START_REF] Liu | In situ formation of LDH membranes of different microstructures with molecular sieve gas selectivity[END_REF]. Similar intergrown H 2 purification membrane of NiAl-CO 3 LDH was reported with interlayer space of 0.42 nm[START_REF] Liu | Molecular sieving through interlayer galleries[END_REF]. On the other hand, 2D-LDH membrane has not been reported for water purification application due to their instability in water.

Also referred as anionic clays, the size and composition of LDH nanosheets can be easily tailored what have garnered great interest as selective layers for gas separation.

Tsotsis et al. firstly prepared MgAl-CO 3 LDH membrane via vacuum suction for CO 2 /N 2 separation and reported an ideal selectivity of 35

[START_REF] Kim | The Preparation and Characterization of Hydrotalcite Thin Films[END_REF]

.

Other materials and fabrication techniques have been employed since then to create 2D-LDH gas selective barrier. In contrast with the majority of other 2D-membranes obtained by stacking exfoliated 2D nanosheets, 2D LDH layers can be directly grown on porous substrate. Hence, LDH crystallites can nucleate on mesoporous alumina substrate.

  Despite the theoretically expected advantages of covalent decoration, its experimental realization on TMD membranes remains largely unexplored. For the moment, MoS 2 nanosheets are under the spotlight, although non modified WS 2 membranes have previously demonstrated its superiority for water purification[START_REF] Sun | Ultrafast molecule separation through layered WS2 nanosheet membranes[END_REF]. Considering the similar functionalization scheme of both TMDs, one could expect the covalent grafting of WS 2 to largely exceed MoS 2 decorated membranes.

						. The
	authors grafted various polymeric chain (polyethylene glycol, PEG) containing thiol func-
	R	SH + M oS 2 → R	S	S	R	(1.5)
	"Ligand conjugation" method introduced by Dravid and coworkers has however been
	declined for a wide variety of thiols that lead to modified-MoS 2 with a large panel of
	properties fitting numerous applications. PEGylation of MoS 2 modulates ζ-potential (see
	in the Appendix, Section 6) and colloidal stability of the nanosheets and was used as
	artificial biosensor (291). Thiol chemistry opens door to MoS 2 -based nanocomposites, for
	example by facilitating the decoration of MoS 2 with -nanoparticle for catalysis (292), cancer

tionality at one extremity and ammonium-, carboxylate-or hydroxyl-group on the other (see

Figure 1.34)

. XPS confirmed the nanosheets decoration with carbon and oxygen atoms, but no support of altered or new signal originating from C-S or Mo-C bound was provided. On the other hand, underlined the disappearance of S-H bond due to the reaction of the thiol with MoS 2 . The authors supposed the functionalization mechanisms to be driven by "ligand conjugaison", where thiols would coordinate with Mo-atoms at S vacancies. Nevertheless, no further experimental support has been brought to precisely elucidate the thiol/MoS 2 interaction. Although various studies were conducted using thiol modification of MoS 2 , the explanation for the complex thiol/MoS 2 interplay is under debate. Chen et al. supposed the thiols functions to converts into a disulfide product that would rather physisorb on MoS 2 surface than coordinate by filling S-vacancies

[START_REF] Chen | Functionalization of Two-Dimensional MoS2: On the Reaction Between MoS2 and Organic Thiols[END_REF]

. 2H-MoS 2 was functionalized with an organic thiol (cysteine). In this case no chemical modification of the nanosheets surface was observed using XPS measurements, and thiol de-functionalization could be performed alongside preserving chemical integrity of-2H MoS 2 . The authors defended TMDs to facilitate the oxidation of organic thiols to disulfide (see Equation

1

.5), that would physisorb on the surface of nanosheets via electrostatic interactions. therapy

[START_REF] Liu | Iron oxide decorated MoS 2 nanosheets with double PEGylation for chelator-free radiolabeling and multimodal imaging guided photothermal therapy[END_REF] 

or -polyhedral oligomeric silsesquioxanes (OvlPOSS) for flame-retardant materials

[START_REF] Jiang | Surface functionalization of MoS2 with POSS for enhancing thermal, flame-retardant and mechanical properties in PVA composites[END_REF]

. Although thiol chemistry could tune the properties of layered TMDs structure (surface chemistry and size of nanochannels), it has not yet been applied to membrane separation.

  13 C NMR, X-ray photoelectron spectroscopy (XPS), RAMAN spectroscopy and attenuated total reflectance (ATR) FTIR gave indications of the covalent functionalization on S atoms (see Section 2.2.6 "Proof and quantification of the covalent grafting"). Besides, Thermogravimetric analysis (TGA) coupled with XPS measurement quantified the amount of grafted groups. In the case of acetamide-functionalized M oS 2 nanosheets, both methods converge to a functionalization degrees per sulfur of ∼ 19 at.%, that corresponds to a density of functional groups of ∼ 4.6 × 10 14 cm -2 . Similar degree of functionalization have been estimated in the case of ethyl-2-ol functionalized M oS 2 reaching ∼ 22 at.% (see Section 2.2.6 "Thermogravimetric analysis (TGA)"), and for methyl-functionalized M oS 2 being ∼ 25 at.% (see Section 2.2.6 "X-ray photoelectron spectroscopy (XPS)").On the other hand, several indirect proofs confirming the covalent nature of the attachment attested the modification of the nanosheets surface properties. HRTEM images coupled with elemental mapping notably confirmed the homogeneity of the functionalization on the nanosheets (see Section 2.2.4 "Local structure of single nanosheets"). The consequence of the functionalization has been characterized by water contact angle and Behaviour of functionalized M oS 2 membranes in water . 135 3.1.1 Stability of the functionalized M oS 2 membranes . . . . . 135 3.1.2 Swelling of functionalized M oS 2 -based membranes . . . . 135 3.2 Water transport . . . . . . . . . . . . . . . . . . . . . . . . 138 3.2.1 Reverse osmosis (RO) measurements . . . . . . . . . . . . 138 Velocity map . . . . . . . . . . . . . . . . . . . . . . . . . 148 3.3.6 Concentration of functional groups . . . . . . . . . . . . . 150 3.4 Chapter conclusion . . . . . . . . . . . . . . . . . . . . . . 152 Nanolaminates membranes constitute an attractive platform for nanofluidic but transport mechanisms of water in the 2D nanocapillaries remain unclear. In this chapter, we aim
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	Zeta potential measurements (see Section 2.2.5 "Surface properties"), while X-Ray diffrac-tion measurements confirmed the enlargement of the nanochannels dimensions after func-tionalization; M oS 2 nanochannel increased of +5.3 Å, +4.6 Å and +3.9 Å after methyl-, 3.1 3.2.2 Stability of the water flux in dead-end configuration . . . 140 ethyl-2-ol, and acetamide grafting respectively. Beside, our study presents two different methods of membrane functionalization that 3.3 Molecular dynamic simulation of water transport . . . . 141
	are (i) direct functionalization on the porous support (i.e. M oS 2 -Met.) and (ii) function-3.3.1 Axial density function and density profiles . . . . . . . . . 142
	alization in solution prior filtration (M oS 2 -Acet. and M oS 2 -EtOH). We observed that the 3.3.2 Velocity profile and slip length measurements . . . . . . . 145
	stacking of M oS 2 nanosheets is less ordered when increasing membrane thickness what 3.3.3 Size effect of functional groups . . . . . . . . . . . . . . . 146 impacts negatively the uniformity of the grafting when fabricating membrane via direct functionalization (i). For this reason, we predicted that methyl-functionalized M oS 2 mem-3.3.4 Hydrogen bond correlation function . . . . . . . . . . . . 147
	brane has non-uniform functionalization degree and locally larger density of methyl groups 3.3.5
	on its nanosheets (see Section 2.2.7). This point opens perspective on covalent function-
	alization of 2D materials. For instance, the method to (i) optimize the uniformity of
	grafting when using direct functionalization and to (ii) control the amount of attached
	groups should be further optimized. An other direction would be to identify other func-
	tional groups having different structures in order to vary the length hydrophobic chains or
	the nature and the density of electrostatic charges.

to investigate the transport of water molecules within 1T-M oS 2 -based capillaries. Molecular Dynamic (MD) simulation will propose a comprehensive model of the organization of water molecules in the different 2D membranes. These theoretical data will be correlated with experimental measurements of the water flux in the membranes. As presented in the previous chapter, covalent functionalization has impacted the surface chemistry of 2D
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CHAPTER 6. MATERIALS & METHODS

Chemical products

Chemicals were obtained from the following suppliers. Bulk M oS 2 powder, iodomethane, 2-iodoacetamide, 2-iodoethanol (< 99 %), acetamide, n-butyllithium (1.6 M in hexane) and Nickel(II) phthalocyanine-tetrasulfonic acid tetrasodium salt were purchased from Sigma Aldrich. Organic solvents were ordered from either Sigma Aldrich or Alfa Aesar and used as received.

Material characterizations

X-Ray Photoelectron Spectroscopy (XPS)

X-Ray Photoelectron Spectroscopy (XPS) is a non-destructive technique that enables to obtain the chemical composition of the surface of a material, to a depth varying from 1 up to 10 nm. X-ray photons emitted by a source (typically aluminum) are bombarded on the surface of the sample with an energy hν. If their energy input is high enough, they can extract the electrons gravitating around the atomic nucleus. These electrons are then propelled through the matter with a kinetic energy (E c ), and some might be expulsed from the sample. The emitted electron are collected and their kinetic energy allows the determination of their binding energy (E) -that is specific to the chemical environment and the electronic shell of their original atom -following the equation E= hν -E c . XPS can not only provide a precise qualitative analyze, it can also quantify the composition of a surface with a precision of ∼ 10-15 %. All elements except hydrogen and helium are detectable and surfaces of the order of 100's of µm can be analyzed.

Considering the nanometric thickness of 2D nanosheets and their possible organisation as thin film, XPS analysis can precisely estimate their composition.

XPS measurements were performed with a Thermo Scientific K-Alpha spectrometer using a Al-Kα microfocused monochromatized source (1486.7 eV) with a resolution of 0.6 eV and a spot size of 400 µm.

We thank Valérie Flaud from the Institut Charles Gerhardt Montpellier (ICGM) who performed the XPS measurements. We performed data treatment using AVANTAGE software.

Scanning electron microscopy (SEM)

SEM was carried out on a Zeiss Sigma Field Emission SEM with an Oxford INCA PentaFETx3 EDS system (model 8100). We thank Didier Cot for support with SEM imaging.

Scanning Transmission Electron Microscope (STEM)

Elemental mappings have been performed using Scanning Transmission Electron Microscope (STEM) coupled with energy dispersive X-ray spectroscopy (EDS) using SDD JEOL (30 mm 2 -129 eV).

High resolution transmission electron microscope (HRTEM)

The high-resolution transmission electron microscopy (HRTEM) uses both the transmitted and the scattered electron beam to build an interference image. The generated image is phase-contrasted and can be as small as a crystal unit cell.

In this work, HRTEM have been used to picture single layer nanosheets and elemental mapping indirectly confirmed their chemical modifications. HRTEM images were obtained using HRTEM JEOL 2200 FS microscope with an emission gun operating at 200 kV. We thank Dr. Erwan Oliveiro who performed HRTEM imaging.

Nuclear Magnetic Resonnance spectroscopy

The covalent nature of the functionalization was investigated using 13 C CP MAS NMR.

The solid-state 13 C CP MAS NMR experiments were performed on a Brüker 700 MHz (16.4 T) spectrometer at a frequency of 176.05 MHz, using a 3.2 mm Brüker MAS probe (contact time: 2 ms, SPINAL-64 1H decoupling, ramp 90 scheme during the polarization transfer, rotation frequency: 12 kHz, recycle delay: 4 s, number of scans: between 42 K and 58 K). The samples were prepared by mixing NaCl with the powders followed by careful packing of the mixture into a 3.2 mm zirconia rotor. 13 C chemical shifts were referenced to tetramethylsilane, using adamantane as a secondary reference. 

X-ray Diffraction (XRD)

X-ray Diffraction (XRD) is a non-destructive technique that is used to analyze the crystallographic structure, physical properties and chemical composition of a giving material. It consists in sending a monochromatic X-ray beam on crystalline material that will deviate when interacting with the atoms. The diffracted beams interfere with each other and create an intense signal collected by a detector representing the diffraction peaks at specific angles. The peak position is the signature of the atomic arrangement within the crystal, as it gives information about interatomic and interplanar distances. The Bragg's law gives an empiric relation between the diffracted angles and the interatomic distances, as described by the Equation 6.1 and the Figure 6 Recent examples have been reported in the literature demonstrating the potential of 2D materials as multi-or single-layer membranes for molecular sieving (224; 262; 464; 206), gas separation (221; 248; 192), energy harvesting [START_REF] Guo | Bio-Inspired Two-Dimensional Nanofluidic Generators Based on a Layered Graphene Hydrogel Membrane[END_REF] and water desalination (200; 196). Among the different building blocks of nanolaminate membranes made of twodimensional materials (2D), graphene oxide (GO) has been studied as a candidate for molecular sieving via size-limited diffusion in the 2D capillaries [START_REF] Joshi | Precise and ultrafast molecular sieving through graphene oxide membranes[END_REF].

Unfortunately the high hydrophilicity of GO nanosheets makes GO membranes unstable in water, while the poor control of the capillary width between the nanosheets limits the water permeance of the membranes. Other 2D materials such as exfoliated nanosheets of transition metal dichalcogenides (TMDs) constitute attractive platforms for the realization of nanolaminate membranes.

Recent works carried out on nanolaminate membranes made of molybdenum disulfide (M oS 2 ) have demonstrated improved stability [START_REF] Deng | Stability, Molecular Sieving, and Ion Diffusion Selectivity of a Lamellar Membrane from Two-Dimensional Molybdenum Disulfide[END_REF]. Within this thesis we have studied the performance of a novel type of M oS 2 nanolaminate membranes with well-controlled surface chemistry of the nanosheets [START_REF] Ries | Enhanced sieving from exfoliated MoS 2 membranes via covalent functionalization[END_REF]. In order to assess the role of surface chemistry, we explored the impact of covalent functionalization on molecular sieving toward water purification (i.e. desalination and micropollutant removal) [START_REF] Ries | Enhanced sieving from exfoliated MoS 2 membranes via covalent functionalization[END_REF]. Our results open novel directions to finely tune the sieving behavior of membranes based on 2D materials.
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