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Les systèmes hybrides solide-liquide sont largement présents dans diverses applications industrielles. De plus, avec le développement rapide de l'élaboration des nanomatériaux, il est possible de fabriquer une série de matériaux nanostructurés et nanoporeux avec un liquide confiné. Par conséquent, les études expérimentales et théoriques de l'interface solide/liquide et de leurs nanocomposites sont devenues de plus en plus nécessaires. Par rapport à l'échelle macroscopique, leurs propriétés physiques peuvent être considérablement modifiées, par exemple les propriétés thermiques des composites solide-liquide.

La thèse est dédiée à l'étude numérique des propriétés thermiques des nanocomposites hybrides solide-liquide, en particulier du silicium cristallin nanoporeux sec et humide avec l'eau confinée. Plusieurs paramètres ont été étudiés en détail avec des simulations atomistiques en utilisant le code de dynamique moléculaire LAMMPS : la conductivité thermique (TC), les densités d'états de phonons, etc. Premièrement, le silicium cristallin avec un pore sphérique au centre est modélisée et étudiée. Les cas d'échantillons secs et humides sont comparés. En utilisant les simulations de dynamique moléculaire à l'équilibre (EMD), les effets de la température et de la densité effective initiale sur la TC sont examinés, séparément. Pour une certaine température (à 300 K) ou une certaine densité effective (0,8 g/cm3), une valeur maximale de la TC a été obtenue. De plus, une stratification des mol é cules d'eau près de l'interface solide/liquide est observée et confirmée dans la littérature. Pour clarifier les mécanismes physiques derrière le transport thermique aux interfaces et l'interaction intermoléculaire de l'eau nanoconfinée, plusieurs paramètres structurels et dynamiques de l'eau nanoconfinée ont été explorés, la fonction de distribution radiale, les déplacements carrés moyens, l'orientation des molécules d'eau et les réseaux de liaisons hydrogène. De plus, l'existence de nouveaux canaux de flux thermique entre une matrice solide et un liquide nanoconfiné a été prouvée, par la densité d'états des phonons. Deuxièmement, les effets de la distribution spatiale, de la taille et de la combinaison espace/taille du silicium nanoporeux humide sont étudiés. La nouvelle cellule de simulation est produite en répliquant le silicium nanoporeux cubique dans la direction longitudinale. Cette partie de l'étude, en raison des demandes de modélisation, a été réalisée en utilisant les simulations de dynamique moléculaire hors-équilibre (NEMD). Cette thèse a contribué à la littérature sur les propriétés thermiques des nanocomposites hybrides solide-liquide et a enrichi l'analyse de l'interface entre un solide et un liquide. List of Figures 12 Different structures used in the solid-liquid nanosystems. . . . . . 23 1.13 Scheme of the water density profile in the pore (Isaiev et al. 2020).

ρ 1 , ρ 2 , ρ 3 , ρ 4 represent the position of two maxima, one minimun and 0 value of density of water, respectively. And then the solidliquid interfacial region could be defined, as indicated by blue region. 24 1.14 The illustration of the cross section of a liquid droplet on solid surface related to the coefficients of Young-Laplace equation. . 2.4 Time evolution of the thermal conductivity data profile of nanohybrid water-nanoporous silicon system at 300 K. . . . . . . . . . .

2.5

The simulation diagrams and the time evolution of temperature profiles in AEMD, compared with NEMD . . . . . . . . . . . . .

2.6

Density profiles of water nanoporous silicon system at 300 K. . .

2.7

Corresponding definitions of hydrogen bond networks and the illustrations of geodesic length between any two water molecules. .

3.1

The simulation models with the dimensions of the unit cell. . . . .

Thermal

Conductivity of crystalline silicon, bulk water and dry and wet nanoporous silicon with porosity of 15.51 % as a function of the temperature. . . . . . . . . . . . . . . . . . . . . . . . . . . .

3.3

Density and pressure profile of nanohybrid water-nanoporous silicon system as a function of distance from the center of the system to the edge along radial direction. . . . . . . . . . . . . . . . . . .

3.4

The interface thickness and density value of high and low peak in the interface as a function of temperature. . . . . . . . . . . . . .

3.5

The partial Radial Distribution Functions (RDF) of oxygen-oxygen atoms for different parts (core and shell) of nanohybrid waternanoporous silicon system under different temperature. . . . . . .

3.6

The coordination number of oxygen atoms for different parts (core and shell) of nanohybrid water-nanoporous silicon system under different temperature. . . . . . . . . . . . . . . . . . . . . . . . . 

Introduction

Both in the nature or in the modern industrial applications, it's easily to find the trace of the solid-liquid hybrid system. They are manifested in various ways: by the immersion of solids into liquids, or by the moisture absorption of solids, or by the artificial creation of their mixtures. It is undeniable that solid-liquid contact inevitably results in an interface, and the creation of an interface definitely has an impact on the overall physical properties of the material. Hence, from the last decade, an increasing interest regarding the solid liquid system and their interface has arisen. It is found to be able to tune the physical properties, of course the thermal properties. For example, superlattice-based materials which are constructed from alternated solid layers can display a much lower thermal conductivity than their bulk counterparts (Roy Chowdhury et al. 2021). It makes them to good candidates for efficient thermoelectric devices. Another example is nanowire, because of its high structural boundary scattering than bulk, it could has a high resistivity (Cheng et al. 2015).

Meanwhile, with the rapid development of the new nanomaterials elaboration, it is possible to fabricate series of nanostructured and nanoporous materials with confined liquid such as nanoporous materials filled with water. Currently, nanoporous materials are widely used in microelectronic devices, thermoelectronic devices, sensing applications, etc. We know that when operating nanodevices, the materials is possible to work under wet condition. During the loading and unloading of nanosize modules, the strong capillary interaction of the contact nanostructure caused by the size and surface effects induces a high adhesion force. This also results in the sharp increase in the friction force and really decrease its lifetime. Furthermore, the water condensation at a tribological interface may alter the wear mechanism. It also facilitates material failure. However, from another aspect, there is also some researches found that some vapor can be absorbed on the solid surface, then sustain a liquid layer finally maintain a lubricating property (Asay et al. 2008).

At nanoscale, the curvature of liquid in contact with the solid is no longer a thin film. Liquid forms a solid-like layer near the solid surface which cannot be neglected (Rajabpour et al. 2019). Compared to the macroscale, their thermal properties such as TC might be altered considerably.

Considering the thermal properties of solid liquid nanoporous materials, it is well-known that because of more boundary scattering, nanoporous materials has a significant reduction of thermal conductivity compared to the bulk ones. But when the liquid is added in the pore, both the experiment and the simulations demonstrated that, the effective thermal conductivity of a nanoporous silicon filled with water can be enhanced up to a factor of 50%, compared to the same sample without water. Someone gave the explanation that, as the liquid density fluctuate close to the interface, a layer effect will affect the heat transfer (Isaiev et al. 2020).

From this point of view, the combination of solid and liquid can make unexpected changes in performance, and the existence of solid-liquid interface also produces many new scientific problems that need to be solved. The study concerning the solid liquid nanoporous material is not enough. especially most of them focus on the porosity effect under ambient conditions.

More and more experimental and theoretical studies are involved into the effect factors on their thermal conductivity. Among them, the porosity and the pore distribution show strong dependences of TC. Additionally, pressure, temperature and the strength of solid-liquid interactions are also important parameters to study.

In this thesis, the most common component solid crystalline silicon and water as component are used to study the role of confined liquid to the thermal properties of nanoporous materials. Considering the factor which affects seriously the water state, different conditions to simulate the real situation are chosen, which is temperature dependence and initial water density (called it effective density later). Another serious factor for the thermal properties of nanoporous materials is the pore distribution. So the size and spatial distribution effect is studied at the last part. All the simulations are carried out using atomistic molecular dynamics approach a open source software LAMMPS.

To clarify the physical mechanisms behind the thermal transport at solid/liquid interface and the intermolecular interaction of nanoconfined water, I explored several structural and dynamical parameters of the nanoconfined water. Using the radial distribution function, the structure of the water molecules near the interface are investigated. After that, by the means of mean square displacements and diffusion coefficient, the dynamical properties of nanoconfined water in the pore is analyzed. The orientation of water molecules and hydrogen bond networks, give us a deep understanding of heat transfer passway. Finally, the existence of new heat flux channels between a solid matrix and a nanoconfined liquid is proved, with clear signatures in the phonon density of states.

As a result, this thesis is organized into the following chapters:

• 1 st Chapter: I started from introducing the solid/liquid nanocomposites. The component selection, the nanostructure and solid-liquid interactions are presented in depth with reference to previous researches. The solid/liquid hy-brid system is inevitable present in these materials. Thus in particular, the most important characteristic affecting the nanoproperties of the material are expanded, including surface effect, size effect, and wettability. After that, thermal properties and industrial applications are studied.

• 2 nd Chapter: the detailed process of MD simulation using LAMMPS is introduced, including the thermostat/barostat, boundary conditions, algorithm, etc. After that, interatomic potential functions needed in our simulations are presented. To calculated the thermal properties via LAMMPS, the EMD, NEMD and AEMD methods are expanded in the third section. Finally, several parameters need to be studied to explain the results of thermal properties and clarify the physical mechanisms. The characterization methods for this part are details at the end.

• 3 rd Chapter: this chapter focuses on the temperature dependence of the thermal conductivity of nanoporous materials with the confined water. Using Equilibrium Molecular Dynamics (EMD) simulations, I investigated the role of the temperature T (from 285 to 360 K) on the thermal conductivity enhancement of nanohybrid porous silicon and water system. By studying the mean square displacement, radial distribution functions, density of states and so on, several structural and dynamical phenomena are discussed to give physical point of views of the TC results.

• 4 th Chapter: this chapter focuses on the density dependence of the thermal conductivity of nanoporous materials with the confined water. Using the similar method with the previous chapter, I investigated the role of the effective density (from 0.1 to 1.2 g/cm 3 ) on the thermal conductivity enhancement of nanohybrid porous silicon and water system. The results are also analysed by means of the investigations in the previous section.

• 5 th Chapter: this chapter focuses on the effects of spatial, size and the combined spatial/size distribution of the pore on the TC of the wet nanoporous silicon, using Non Equilibrium Molecular Dynamics (NEMD) simulations. Furthermore the mean free path of phonon in the system is deduced, as well as the TC of the infinitely long system. The derived details are presented in the following section.

• In the appendix, i introduced the study on the thermal conductivity of nanoporous amorphous silica. The available interaction potential function between silica and water are presented to inform the further study. Finally, the paper published about this thesis are listed at the end of the thesis.

CHAPTER 1

Solid-liquid nanocomposite During the last decade, an increasing interest regarding the interactions between a confined liquid and solid surfaces at atomistic scales has arisen (Glicksman & Schaefer 1967;Tarazona et al. 1987). Meanwhile, with the evolution of the elaboration methods, new nanocomposite materials such as nanoporous materials are available nowadays with different internal surface of pores, to tune the physical properties of the matrix and the overall physical properties of the hybrid liquid/solid nanocomposites. In this chapter, I introduced solid-liquid nanocomposites from three aspects: types of materials, thermal properties and industrial applications. In particular, current status of research and effect factors on thermal properties are studied.
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Chapter 1. Solid-liquid nanocomposite

Introduction

The transformation and transmission of energy in this world is inseparable from the existence of the medium. These mediums can be roughly divided into three categories of solids, liquids, gas. Among them, compared with gas, solids and liquids have lower mobility and more controllable states. Undoubtedly, pure solid materials have been widely and skillfully used in the fields of energy power, electronic information, bioinformatics, aerospace, etc. However, solid materials have always been limited by various factors such as the limited raw materials, difficult mining, low production efficiency, and backward processing technology. On the contrary, liquid materials are usually easy to prepare and synthesize, but it is bound by its liquidity, easy leakage, poor controllability, weak mechanical properties and other shortcomings. It makes the development and applications of solid liquid system to be challenged. The mixture of the solid and the liquid earned more attention.

Over the years, many scholars have tried to give the solid and the liquid a clear definition. The most accepted explanation is that liquid molecules have a certain mobility, and solid atoms are arranged in a lattice of crystals with a consistent space. They are collectively called condensed matter. However, a strange rigid solid whose atomic arrangement pattern was not repeated at all was first discovered in the laboratory in 1982 and rediscovered in nature in 2009 (Alam & Alam ). Just like glass, a substance that behaves like a liquid but has a stable atomic structure. Thereafter, three types of solids have been developed, namely amorphous, crystalline and quasi-crystal (Karuso et al. 2012). The similar thing happens with liquids. It was found that when the liquid is frozen at a certain moment, it is likely to exhibit amorphous properties. Hence, in addition to the three pure phase, there are other kind of states close to like-solid, or like-liquid. They provide a way to describe new characteristics.

Compared with solids, liquids have some specialities that solids don't have. Firstly, the pressure of the liquid is transmitted in all directions. It induces a new phenomenon near the liquid surface that can't observe in the bulk liquid. Due to the surface molecules possess the bond with inner molecule, a net force pulls these molecule inward. A form of energy, surface tension (Tyson & Miller 1977), with unit J/m 2 , is explored to describe physically this phenomenon. It implies a tendency of liquid to minimize the surface area. A spherical drop and bubbles are formed from this reason. Many phenomena like surface waves, capillary action, drainage, can be attributed from it (Perlin & Schultz 2000;Pan et al. 2020a). Many macro-models such as smoothed particle hydrodynamics (SPH) (Gingold & Monaghan 1977) and macro-scale pseudo-particle modeling (MaPPM) (Ge & Li 2001) support to precise the process of drop formation. Based on the characteristics of solids and liquids, solid-liquid composites are designed. 

Descriptions of solid-liquid nanosystem

Liquids, taking the advantages of the fluidity, compressibility, viscosity than solids, higher pre-determined mechanical or thermal properties could be expected by being compatible solid matrix with adjacent or attached materials. A useful method to predict the mechanical properties of solid-liquid isotropic multi-phase materials has been proposed, called Generalized Mixture Rule (GMR). It is appropriate for expressing the effective parameters, in terms of hardness, Young's modulus, viscosity, strength, etc. It can vary with the properties of component, volume fractions of each component, and their micro-structures. The GMR is expressed as (Ji 2004)

M J = N ∑ i=1 (V i M J i ) (1.1)
Where M is a specific mechanical property, J is a constant implying the effect of micro-structures, V is the volume fraction of component, and the subscript i represents the i th phase. N is the total number of phase of composite consisting as: This means that the liquid and the solid have a comprehensive effect after the mixture and both of them result in an improved material properties. For example, Chuangguang WANG et al. (Wang et al. 2018) researched on adding liquid electrolytes (LE) at the interface to form a solid-liquid hybrid electrolyte in order to well reduce the interfacial resistance of Solid-State Lithium Batteries (SSLBs).

N ∑ i=1 V i = 1 (1.2)
In addition to the change in properties, the solid-liquid contact also creates a new structure, which is the solid/liquid interface. In the vicinity of the interface, many physical quantities may undergo abrupt changes. This certainly makes the process of energy transfer more complex. As early as 2004, Xue. L et al. (Xue et al. 2004) were interested in the layer structure formed at the solid/liquid interface, and its effects on the interfacial thermal resistance. A discontinuous temperature change through the interface when the solid surface is wetted, shown in the Fig. 1.2. In addition, for nanocomposites, the size of the atoms is close to the coherence length of the electrons, which is likely to cause a strong correlation with electrons. This strong coherence will greatly affect the material properties. Moreover, its size is also close to the wavelength of light. Together with the special effects of the interface, the properties, such as melting point, magnetism, optical, thermal and electrical conductivity, are often different from those bulk counterparts.

Materials often used in solid/liquid nanocomposites

In general, a nanomaterial or a nanocomposite has characteristic size in the range from 1 to 100 nm. Solids can act as a matrix and liquids can be tiny droplets bound to the surface of the solid phase or inside voids, e.g. nanochannels with liq-uid flow. Conversely, solid particles can also be incorporated in a liquid matrix, e.g. nanofluids. In the following paragraphs, the materials often used in the solid/liquid nanocomposites will be classified in two groups: solid and liquid.

1.2.1.1 Solids used in solid/liquid nanocomposites Solids mainly provide inherent properties to the composite, such as strength, toughness. Solid materials used in solid/liquid system include mainly silicon and carbon systems, polymer, ceramic, metallic, and their hybrid systems. 1.3: (a)The mechanism of the dynamic behaviors of direct current in water droplets and silicone rubber plate (Cao et al. 2021).(b) The configuration of nano-indentation with silicon nanocrystal, diamond indentor and water layers, in molecular simulations. Note that water molecules here are simulated in TIP4P models (Tang & Zhang 2004).

1) Silicon and carbon systems

Silicon-based composites mainly consist of silicon, germanium silicon, organosilicon, porous silicon, crystalline silicon, and the substrate for heterogeneous epitaxy of other compounds. Among them, organosilicon refers to compounds that contain silicon-oxygen bonds and have at least one organic group that is directly connected to a silicon atom. It is also customary to treat those compounds that have organic groups connected to silicon atoms through oxygen, sulphur, nitrogen, etc, as organosilicon compounds. In recent years, a large number of silicon-based materials have been used as the core raw material for photovoltaic battery cells and microelectronic devices. In particular, nanoporous silicon plays a significant role due to it takes good advantages of high surface-to-volume ratio, potentially efficient thermal control (Fang & Pilon 2011;Machrafi et al. 2016). Since these devices cannot operate in a fully virtual vacuum, it creates an opportunity for liquids to come into contact with solids by means of the absorption or moisture, thereby modifying the original properties of the materials. Many researches have also tended to study on the interaction between these non-metals with liquid molecules. Wen Cao studied the water impact on the surface properties of hydrophobic silicone rubber when it works as the insulation materials moistened by the fog or rain (Cao et al. 2021). As shown in Fig. 1.3(a), the model schematics shows intuitively that a single water droplet on the silicone surface influences the performance of the electric field distribution, which also depends on the volume of the droplet. Indeed, the immersion of the liquid may be sometimes advantageous for the effective properties. For example, it has been proved that the lubrication with water reduces effectively the friction of the surface of the silicon nitride textured by the laser (Yamakiri et al. 2011). Furthermore, silicon is the main material for manufacturing microelectronics and semiconductors. On the other hand, the water, as a clean and low-cost cooling liquid, performs a vital role in the process of silicon nanomachining process including heat dissipation and cleaning. In addition to the effect of moisture absorption, other studies have found that the nanostructure of silicon crystal is strongly affected by the water, which causes probably the damage and change of its surface in nano-indentations (Tang & Zhang 2004;Zarudi et al. 2004). As shown in Fig.1.3(b), a study by C. Y. Tang and L. C. Zhang (Zarudi et al. 2004) reproduced the process of nano-indentation with the help of molecular simulations, revealing that the cavities of the silicon substrate are invaded by the water molecules upon loading. Subsequently, damages occurred as a result of changing the structure of the residual deformation zone. A similar phenomenon but for the nano-indentation of ionic liquid film on silica was reported by P. Ballone (Ballone et al. 2012), using the computational experiment.

These observations seem to suggest that liquid molecules and silicon based materials have uncertain chemical effects at nanoscale. The explanation in this aspect is still insufficient. Carbon materials based on carbon atoms with other atoms or functional groups linked in chains, such as carbide-derived carbon, carbon aerogels, carbon nanotubes, onion-like carbon and graphene, can all be incorporated with liquids to form new materials. Amir H. Farmahini (Farmahini & Bhatia 2016) found lower diffusion of argon liquid in the SiC-derived carbon (SIC-DC) compared to Ti 3 SiC 2 -derived carbon, using Hybrid Reverse Monte Carlo method (HRMC), illustrated in Fig. 1.4(a). Dengsen Yuan (Yuan et al. 2018) demonstrated that when the biomass carbon aerogel is assembled with TiO 2 nanorods (HBCT), a hierarchi- In the carbon systems, Carbon nanotubes (CNTs) taking advantages of the high stability, high thermal conductivity, modifiability of functional groups, are one of the most representative carbon materials. It is proved that the suspension of liquid in CNTs is a good way to improve the mechanical and thermal properties of the composite, compared to the pure liquid matrix. Young-Geun Park et al. [START_REF] Park | Three-dimensional, highresolution printing of carbon nanotube/liquid metal composites with mechanical and electrical reinforcement[END_REF] found a reinforced mechanical strength of Pt-decorated carbon nanotube in liquid metal matrix overcoming the limitation of liquid metal. The sketch and SEM images of this material are displayed in Fig. 1.4(d). Moreover, the induced current density is much comparable to metal wire. Haifeng Jiang (Jiang et al. 2015) found that the CNTs-based nanofluid with a solid-like nanolayer can obtain a better heat transfer with the effective thermal conductivity increasing. Mixture of carbon solid and the liquid is a potential electrolytes applied in solar cells. Iftikhar Ahmad et al. (Ahmad et al. 2011) incorporated graphene, single wall carbon nanotubes (SWCNTs) into 1-methyl-3propylimidazolium iodide (PMII) ionic liquid, which is used for dye sensitised solar cells (DSSCs), shown in Fig. 1.4(e). The ionic liquid plays an important role in building a self-organised networks of graphene and SWCNT, contributing to an effective electron transfer. The carbon system also includes the formation of non-metallic inorganic substances with non-metallic elements, such as SiC, B 4 C, etc. Xinrui. Zhang (Zhang et al. 2020) focused on the deionized water nanofluid dispersed with SiC particles in micro-cylinder-group which is used in cooling system. He investigated the effect of volume fraction of SiC on the Reynolds and Nusselt number of nanofluid, then found the greatest heat transfer performance at the specific volume fraction.

2) Polymeric systems

Polymers consist of thousands of atoms covalently bonded to each other to form organic compounds with particularly large relative molecular masses and repeating structural units. Commonly, thermoplastic polymers are flexible and they can be dissolved in suitable solvents. They soften when the temperature rises to a molten state, and then have a certain amount of fluidity. Therefore, polymers are often added to liquid matrices as reinforcing agents to form stretchable materials that enhance the physical properties and stability of the compound while maintaining softness. For example, Qiangbing Wei (Wei et al. 2020) reported a stable strategy to fabricate EGaIn nanodroplets sta-bilized by polymer brushes, shown in Fig. 1.5(a) and (b). EGaIn is regard as a kind of liquid metal alloy with metallic property and good fluidity. The dispersibility of nanoparticles in the solvent is well improved by good attachment of polymer brushes. The approach is extendable for fabrication of other polymer system and a wide range of aqueous system, as well as soft electronics, biomedicines (Malakooti et al. 2020). Polymer can be functionalized by water, by connecting through a crosslinking point, which is able to develop more complex systems from water-soluble polymers such as nanocomposite and hybrid adsorbents (Rivas et al. 2018). The diagram is shown in Fig. 1.5(c). It overcomes the drawbacks of each separated components and enhances the overall performance. (He et al. 2018). (e) The optical images of the substrate composed of polymer and hydrophobic fumed silica before (left) and after (right) infusion of silicone oil. It shows a high transparency, which manifests that the text "Slippery" can be seen through the material (Cao et al. 2016).

Besides, interfaces formed by polymer solid-liquid composite are of great 14 Chapter 1. Solid-liquid nanocomposite importance for the application of anti-frosting/icing, antifouling, unidirectional transport, microreactor, and so on (Guo et al. 2021). Wenqing He et al. (He et al. 2018) introduced a porous polymer nanocomposite consisting of ultrahigh-molecular-weight polyethylene (UHMWPE) and SiO 2 . The combination of non-polar polymer network and polar nanoparticles provides a controllable lubrication and surface slipperiness of mineral oil, shown in Fig. 1.5(d).

A wetting solid surface presents a higher transparency than the one non-wetted due to the low scattering rate of light. For example, a substrate composed of the hydrophobic fumed silica nanoparticle and poly dimethyl siloxane is tuned to be transparent after infusion of silicone oil in the study of Moyuan Cao (Cao et al. 2016), as shown in Fig. 1.5(e).

3) Metallic systems

Metallic system has the advantages of good electrical conductivity, strong mechanical properties, electromagnetic shielding function, easy access to easy processing and so on. Therefore, metals are often involved in nanoelectronic devices, as well as microstructural evolution (such as solid-state phase transformation). The traditional metal materials like Cu, Al, are often used in the chips. Iron oxide particles dispersed in the nanofluids are promised to take an advantage of superparamagnetic behaviors (Abareshi et al. 2010). In addition, the alloys like Ni alloys, Mg alloys are also in a large number of applications in nano components. However, when these materials serve in nonvacuum conditions, being wetted by water molecules in the air or contacted with liquids happens frequently. Consequently, it is difficult to avoid the effect of such solid-liquid contact on energy transfer through the interface. The main influence on the heat transfer is the presence of the thermal resistance at the solid/liquid interface, resulting in a large temperature change. In recent years, a large amount of researches have been invested in the solid/liquid interface of metal-liquid interactions. Truong Quoc Vo et his partner (Vo & Kim 2015) used Non-Equilibrium Molecular Dynamics (NEMD) to investigate the Kapitza resistance, which is associated Kapitza length, between water and other 4 different metals: Au, Ag, Cu, Al. The kapitza length is defined as the equivalent thermal thickness of the fluid at the solid-liquid interface. They found that the kapitza length decreases exponentially with the interaction strength between the liquid and the metal increases, and the heat transfer at the interface increases. Jerry Vera (Vera & Bayazitoglu 2015) using the same method compiled the linear fit coefficients for the Kapitza resistance as the function of the wall temperature and heat flux. Models simulated are shown in Fig.1.6(a). The expression obtained makes it possible to implement the thermal interfacial resistance of each metal and liquid depending on the temperature and heat flux. Although solidliquid hybrid system causes interfacial problems, the incorporation of metal particles suspended in the liquid enhances the thermal conductivity of nanofluid (Balla et al. 2013). This kind of materials could be beneficial to biological system, for example cancer photothermal therapy based nanoparticles. A.Rajabpour (Rajabpour et al. 2019) using Steady-state NEMD (SNEMD) found that thanks to the metallic nanoparticles, the thermal conductivity of basefluid is 1.5 times more than bulk fluid. The temperature profiles of water shells surrounding the nanoparticles are shown in the Fig. 1.6(b), exhibiting the higher value of the temperature for the first water shell near the center. 

4) Ceramic systems

Ceramic materials such as clay, alumina, oxide besed Si, Ti, Zr exhibit excellent stability and chemical inertness. It is usually mixed with other elements like carbon, silicon, copper and so on, to ameliorate their poor thermal properties. Due to his low cost, it is also one of the most desirable class of nanofluid systems (Timofeeva et al. 2009;Buschmann 2012;Ehle et al. 2011). For instance, S. Suresh (Suresh et al. 2011) prepared the Al 2 O 3 -Cu/water nanofluid by dispersing the synthesized nanocomposites powder. In solid-liquid nanocomposite, the liquid can be mainly chosen from: inorganic solution (such as water, liquid metal, salt), organic solution, and hybrid solution.

1) Inorganic solutions

Water is the most commonly used and cheapest solvent, with acid and base properties, and also used as an oxidizing and reducing agent under certain chemical conditions. Water adsorption is a pervasive phenomenon in nature. Many studies investigating the moisture behaviors of water in the nanocomposites have been reported using both experiments (Ladhari et al. 2010;GHASEMI & Kord 2009) and simulations (Cheh et al. 2013). The main mechanism of water absorption on the macroscope mainly follows the kinetics of Fickian's diffusion (GHASEMI & Kord 2009), which means that the molar flux of solute through a unit area of the system is proportional to the concentration gradient. After moisture absorption, the mechanical, dielectric, surface charge and structure of the material are influenced. (Zhao & Li 2008;Ladhari et al. 2010;[START_REF] Du | Effects of water absorption on surface charge and dielectric breakdown of polyimide/Al 2 O 3 nanocomposite films[END_REF]. For example, Jigger Cheh (Cheh et al. 2013) found the "ice-like" ordered structure of the monolayer water on the ionic substrate, which affects the heat transfer through the solid/liquid interface, shown in the Fig. 1.7. Water is also designed as host liquid mixing with metal and their oxide like copper, gold, aluminium to compose the hybrid nanocompos-ite (Kim et al. 2009;Lo et al. 2005;Abareshi et al. 2010). Shubham Sharma (Sharma 2018) used chemical process methods by adding 0.2% nanoparticles volume concentration of the particle size 75-135 nm into distilled water to fabricate Cu/water nanofluid, shown in Fig. 1.8. Another example given by Maryam Abareshi et al. (Abareshi et al. 2010) proved that dispersing the Fe 3 O 4 nanoparticles into water can obtain a better thermal performance than basefluid, as well as the magnetic property.

In addition of water molecules, other inorganic solutions such as liquid metal, salt, as well as some acid and base solutions are equally alternative to mixing with solids. Examples are given as follows. Compared with rigid solids, liquid metals have the advantages of flexibility, deformability and mechanical sensitivity at room temperature, broadening the wide range of applications for soft robots, wearable electronics (Dickey 2017;Kim et al. 2019). The alloys like Gallium-Indium (GaIn) can be a continuous matrix mixed with metallic nanoparticles or as a suspension dispersed in the soft polymer matrix (Liu et al. 2021). As shown in Fig. 1.9(a), a biphasic GaIn is created by sprayprint the GaIn nanoparticles onto a silicon wafer. Additionally, the industrial solution CaCl 2 mixing with nanoparticles can be made into phase change materials for supercooling by dissolving, stirring (Li et al. 2017), as shown in Fig. 1.9(b). 2) Organic solutions Organic solvents, as organic compounds that are widely used in life, can be mixed with various solids, such as olefins, alcohols, esters, phenols, aromatic hydrocarbons, and nitrogen and sulfur-containing compounds, etc. For example, the ethylene glycol nanofluid can be formed via the solvothermal method by being dispersed with carbon-copper oxide nanoparticles (Akilu et al. 2019). The samples for different nanoparticle concentrations of nanofluid are shown in Fig.1.10(b). A good synergistic of the nanoparticles and basefluid of the sample contributes to improving the thermal and viscous performance. Dun-Yen Kang et al. fabricated aluminosilicate single-wall nanotubes (SWNTs) dispersed in the liquid poly vinyl alcohol (PVA), as displayed in Fig. 1.10(b) [START_REF] Kang | Single-walled aluminosilicate nanotube/poly (vinyl alcohol) nanocomposite membranes[END_REF]. The fabricated nanocomposites show an remarkable water transport behaviors and good selectivity of water and alcohol. This leads to the potential for the development of SWNTs liquid hybrid nanocomposites for water separation ap- 

Nanostructures presented in solid/liquid nanocomposites

Generally, solid-liquid hybrid nanocomposites could be achieved by all the materials presenting a solid/liquid interface: nanofluid (colloidal suspension of solid nanoparticles) (Kio 2014;Yang & Liu 2011), nanostructured matrix with liquid (Ong & Pop 2010), and the functionalized surface attached by liquid nanosystem (Yang & Liu 2011;Furchner et al. 2017), etc. The fabrication process and TEM images of fabricated nanofluids, and examples of functionalized nanosystem are displayed in Fig. 1.11.

In 1995, the first concept of nanofluid built by Choi (Choi & Eastman 1995), was defined as an new generation of heat transfer fluids engineered by suspending metallic nanoparticles into the fluid. With the development of nano design and nanotechnology, the structure of suspending materials was extended in the variety of ways, like fibers, sheets or tubes with average size below 100 nm and less than 1 % volume concentrations of the dispersion (Choi 2009). One of the advantages of nanofluid is the high thermal conductivity of nanoparticles (usually in the range of 100-6000 W/m•K), which is also at least 2 magnitudes greater than that of conventional heat transfer nanofluid (minus 1 W/m•K). So the purpose of several study is finding a mean effective thermal conductivity of dispersion and fluid [START_REF] Esfe | [END_REF]Sadeghinezhad et al. 2016). Because of the major brown motion of nanoparticles, the smaller size of suspended particle induces a faster heat transport in the nanofluid. This also means that nanoparticles suspending in the fluid are more stable than micro-particles or particle clustering, and enhance greatly to thermal conductivity of nanofluid (Daviran et al. 2017). Meanwhile, the structure of dispersion is also the research focus. The nanoparticle dispersed could be traditional structure of atoms such as metal atoms Cu, Al, Au, graphene, or nanostructured materials such as nanotube (Thomas et al. 2010;Carlborg et al. 2008). Accordingly, the base fluid can be water, Ethylene glycol (EG), Engine oil (EO) (Hu et al. 2016).

For the nanostructured matrix with liquid, most of examples signify that the liquid is invaded in the hole or empty space of available nanomaterial which constitutes a specific nanoscale repeatable structure [START_REF] Lugger | [END_REF]Erlebacher 2018;Chen et al. 2016).

0D structures as nanoparticle (dispersed in the liquid to form nanofluids) and nanopore, 1D structures as nanochannel (Neek-Amal et al. 2016;Futamura et al. 2017;Zhang et al. 2019) , 2D structures as nanoshell (Yang et al. 2019b), nanomenbranes (layer confinement) (Yu et al. 2018a;Gravelle et al. 2016), nanofilm (Han et al. 2010;Smith et al. 2014), are good filled objects in the field of solid/liquid nanocompos-ites. Some examples are shown in Fig. 1.12. The empty space leads to a confinement of liquid filling in.

In addition to the manufactured solid/liquid nanocomposites, some inorganic minerals in nature (like shale mainly based on quartz nanopores) are inevitable to be permeated by liquid (liquid hydrocarbon, like octane), in the process of fuel exploitation (Wang et al. 2016). This gives an inspiration that the liquid permeability in nanostructured materials is an available way to alter the performance of these materials. [START_REF] Qiao | Temperature dependence of working pressure of a nanoporous liquid spring[END_REF] found through experiments that an external pressure can help water to infiltrate to the nanoporous (zeolyst ZSM-5 zeolite, with the silica/alumina), conversely to defiltrate at the low pressure. It was also reported that a similar approach for liquid wetting in nanochannels, i.e., reversible switching of water by external stimulation of temperature and voltage (Xie et al. 2018;Zhang et al. 2019). Wettability controlled by the nanostructured confinement is strongly affected the thermal conductivity. No accurate numerical relation of the thermal property between matrix and confined liquid is found that can well estimate the thermal properties of solid-liquid hybrid nanocomposites. The first reason is the variety of component types and structural features. Another important reason is the plenty of influence factor of solid/liquid interface, increasing the complexity of studies.

Solid-liquid interactions

Forces between a solid and a liquid are generally analysed in terms of short range and long range forces. The short range forces between a solid and a liquid are usually Van der Waals (VdW) force, describing the interaction between neutral molecules or atoms of a solid and a liquid. For the long range forces, most are caused by electrostatic nature. Among them, the most stronger one are coulombic forces, a kind of attractive forces inducing by any two static point charges. The next stronger interaction for molecule, is the bonding interaction and angle, which represents the connection and structural relationship of shared electron pairs. More narrowly, if more chemical bonds are connected by one atom, the dihedral torsion angle, bond angle bending, bond stretching, are also necessary to be considered. In addition the intermolecular interaction, non-bonding atoms in the chain also have the contributions of force.

When analysing molecular interactions, it is strictly necessary to analyse the atomic interactions of each different type atoms, and the chemical bonds and angles of their composition. It might be complex from macromolecular structure, but there are many methods to simplify the system. The first one is to regard Figure 1.12: (a) The structure and cross section of water confined in CNT (Zhang et al. 2019). (b) Surface wetting properties of nanofilm from the hydrophobicity to hydrophilicity which are correlated with a wide range of biological applications (Montazeri et al. 2020). (c) The cross section of grapefruit fiber temperature sensor filled with a silver nanoshell and liquid (Yang et al. 2019b). (d) Carbon nanotube menbrane for water-ethanol separation (Gravelle et al. 2016).
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Chapter 1. Solid-liquid nanocomposite the molecule model as a rigid body by fix the bonging energy and angle for each molecule (Burnham & Xantheas 2002). Then for the liquid containing representative functional groups, like CH 3 , Ch 2 in ethanol, propylene, a united atom force field is employed by considering functional groups as a single pseudo atom.

What calls for special attention is that for water, there is a special force greater than VdW force and less than coulombic force, namely the force of hydrogen bond. With the advantage of having only one free electron in shell of hydrogen atom, the bond formed by an attraction between a hydrogen atom and a highly electronegative non-metallic element containing also a free electron, is stronger than normal bond (Legon & Millen 1987). Some solid atoms dissolve in the water through this bonding. Moreover, on account of the angular structure of water molecule and the electronegativity difference of hydrogen and oxygen atoms, the water molecule is polarizable and easier to attract other polar atoms.

In this aspect, many models of water are explored to represent the water molecule and express the interaction with other atoms or clusters as much as possible. They can be classified from three aspects: rigid or flexible, polarizable or non-polarizable, and the number of interaction points (Guo et al. 2002). Based on these three differences, amounts of the potential energy models of water molecules are established, commonly including SPC, TIP3P, TIP4P, BF, etc (Lee & Kim 2019;[START_REF] Bauer | [END_REF].

Figure 1.13: Scheme of the water density profile in the pore (Isaiev et al. 2020). ρ 1 , ρ 2 , ρ 3 , ρ 4 represent the position of two maxima, one minimun and 0 value of density of water, respectively. And then the solid-liquid interfacial region could be defined, as indicated by blue region.

In the computational simulation at the nanoscale, the most common and effective physical parameter that characterizes the strength of the interaction is potential energy, which is also the most important setting parameter in the simulation. The total energy is contributed from the short range interactions, the long range interactions and the inter-and intermolecular interaction of molecule (bonding and angle), expressed as:

E total = E V dW + E Coul + E bond + E angle (1.3)
Many models of potentials are discovered for the intermolecular potentials between atoms used in the simulation, commonly like Lennard-Jones potential, and Stillinger-Weber, Tersoff, COMB, AIREBO, and ReaxFF, etc (Choudhary et al. 2017) (introduced in Chap.2.2).

To understand the responsibility of the mechanism for the impact of liquid confined in solid matrix on thermal conductivity, Keblinski et al.(Loulijat et al. 2015) have suggested four potential mechanisms: effects of nanoparticles clustering, molecular-level layering of the liquid at the nanoparticle surface, nature of heat transport in nanoparticles, and Brownian motion of nanoparticles.

A large number of studies showed the liquid stratification close to the solid surface. That pointed out the solid/liquid interface plays an increasingly important role in understanding the thermal transport mechanism of solid-liquid hybrid composites (Harikrishna et al. 2013;Zhang Jun 2017). TQ Vo et al. (Vo & Kim 2015) found that liquid molecules form a layered structure near the solid surface. Similarly a temperature jumps in the study due to using two parallel solid walls separated by liquid water, holding each solid wall at a different temperature. In our previous study (Isaiev et al. 2020), we investigated the water density profiles of the solid/liquid interface of nanoporous silicon with the confined water, and calculated successfully the thickness of the thin layer near the liquid with higher density, illustrated in Fig. 1.13.

The thermal properties of the solid and the liquid are modified in close proximity to the interface, at both hydrophilic and hydrophobic surfaces (Xue et al. 2003b), attributed by different liquid-solid interaction strength. In the study of Mykola Isaiev, the interaction strength expressed by the parameter of Lennard-Jones of the potential between the solid and the liquid, can be confirmed directly by the contact angle of liquid. The solid/liquid interface is a problem that needs to be solved in many practical applications. It is well known that the solid-liquid interaction occurs mainly at the interface. Research in this area can be traced back to the way of liquid wetting the solid surface. It starts from a liquid droplet spreading extensively on the solid surface at the macroscale. Further, it needs to improve macro description of the physical expression at the nanoscale, so as to clarify the interaction between the solid and the liquid.

Many phenomenons of confined liquid, such as the meniscus and the curved solid/liquid interface, can be explained by capillarity, which is defined as a tendency of absorption in the confinement. The most common supporting theory at the macroscale is Young-Laplace equation [START_REF] Young | An essay on the cohesion of fluids[END_REF]. The Young-Laplace equation is the main building stone to represent quantitatively the pressure drop across the curved interface (Van Honschoten et al. 2010). It describes the relation of the wetting angle of a macroscopic droplet θ and the surface tension γ i j of two different phases of substance:

cos θ Young = γ vs -γ ls γ vl (1.4)
The illustration of coefficients is shown in Fig. 1.14. It is suitable for a mechanical equilibrium condition for two homogeneous phases separated by an interface with an assumption of no thickness of the interface. But at the nanoscale, the curvature of liquid in contact with the solid is no longer a thin film. Liquid forms a solidlike layer near the solid surface which cannot be neglected (Rajabpour et al. 2019).

So in the study of Mykola Isaiev and his co-workers, a modified Young-Laplace equation was introduced to explain the influence of the Gibbs adsorption on the nanodroplet volume contraction using molecular dynamics (Isaiev et al. 2018).

In addition to surface tension, the liquid also gives a tension acting along the tangents to the curved line. It is called 'line tension τ'. So the Young-Laplace Figure 1.14: The illustration of the cross section of a liquid droplet on solid surface related to the coefficients of Young-Laplace equation [START_REF] Heim | Measurement of line tension on droplets in the submicrometer range[END_REF]. equation was elevated by adding a term of line tension [START_REF] Heim | Measurement of line tension on droplets in the submicrometer range[END_REF]:

cos θ Young = γ vs -γ ls γ vl - τ γ vl • r ′ (1.5)
where r ′ is the radius of the contact line. Based on this equation, a complete calculation process of surface energy of substance was given in the article of A. I. Hienola (Hienola et al. 2007). This equation can be regarded as the connection between the interface at macro and nano scale, which can be reflected by the contact angle and the surface/line tension, respectively. The contact angle, is easily to be measured using goniometer system controlled by computer (Ogwu et al. Fernando Bresme and Nicholas Quirke studied the liquid lens at the solid/liquid interface. They brought in Neumann's equation (Weil 1984) which is similar to Young-Laplace equation as follow, but neglected the effect of line tension, then calculated the contact angle by computative model. cos 2θ = 0.5

γ vs γ vs γ vl γ sl - γ vl γ sl - γ sl γ vl (1.6) Chapter 1. Solid-liquid nanocomposite
It indicates that this equation can describe accurately the wetting behavior of liquid lens with the nanometer size.

On the other hand, ever since the advent of AFM in 1986, the adhesive force between the tip and surface has become a hot research topic [START_REF] Sirghi | [END_REF]. Before the formal experiment, it is the basis of accuracy of data to clarify and calibrate the errors in this aspect. The effect of water meniscus formed between samples and tips, and local curvature of the sample surface on account of capillary are inevitable in AFM measurement in air (Woodward & Zasadzinski 1994). The interaction between solid (tip or sample surface) and liquid (H 2 O molecule in the air) may make an impact and is difficult to measure quantitatively in the results of AFM, especially for Scanning Thermal Microscopy (SThM) mode. Evaporation and condensation of water molecules can affect energy transfer when testing thermal properties (He et al. 2001). So many scholars used numerical equations and simulations to obtain a quantitative expression. Luo et al. (Luo et al. 1997) proposed an equation to give a conductance of water meniscus adding into the whole conductance calculation. The article of Ali Assy [START_REF] Assy | [END_REF] discovered also a methodology (for Wollaston probe) to correlate the thermal conductance of meniscus. He calculated the thermal conductance of the sample in the air conductance term, and determine the final value according to the size of meniscus. In addition, Claire K et al. (Fang & Pilon 2011) used the Edgertronic high speed camera to describe the interface curvature of droplet vaporization on superhydrophilic nanoporous thin layers on a macroscopic scale.

The contact angle even surface wettability can be also studied by Molecule Dynamics (MD) (Yang et al. 2019a;Zhang et al. 2016) where a clear figure change of three phases can be found. It chooses usually the position of average density of liquid and vapor (i.e. for water at ambient temperature 0.5 g/cm 3 ) as their interface as a basis of curvature calculation. Around the year of 2010, some articles were reported about the molecular dynamics of AFM to investigate the meniscus shape. Choi Hojin (Choi et al. 2008a) built the model of the hydrophobic flat surface and a hydrophilic tip above which is designed almost as a spherical surface at the top. It is found that with the increase of the flat surface energy, the shape of the water meniscus changed from convex to concave. The capillary force and meniscus are not the unique two factors that affect the surface energy and heat transfer path. There are also other reasons like hydrophilic/hydrophobic surface, roughness of surface [START_REF] Ko | [END_REF], and the relative humidity (Korayem et al. 2018). Later years, less research or simulation has been done in this domain. Here, it is surmised that some experimental data showed that compared with the heat loss to the air, the effect of water meniscus could be negligible (Shi & Majumdar 2002). In addition, more and more experiments required a vacuum environment to eliminate the effect of air. Even so, it needs also stress the importance of this part.

Wettability

The hydrophilicity even superhydrophilicity of a substance could be roughly divided into hydrophobicity and hydrophilicity, which are distinguished by contact angle (Drelich 2019), as shown in Fig. 1.17. Generally with the help of the ionized or polar groups, the hydrophilic surface attracts the dipoles and quadrupoles of water to obtain consequently a affinity for liquid (Lu & Berkowitz 2006). Here it can be simply understood as the more attractive of interaction, the more hydrophilic (Melillo et al. 2011). The hydrophilicity of a surface determines the wettability, film stability and contact angle of the surface.

Matsumoto, S. M. T. K. S (Matsumoto & Kimura 1998) studied the phase transition behavior of droplets on solid surface. Two layers of solid molecule were set at the bottom and top of the calculation box. The higher temperature of the solid surface at the bottom and the lower temperature at the top provide conditions for evaporation and condensation. Finally, the velocity profile and temperature distribution of evaporation and condensation droplets are calculated, exhibiting a layered change near liquid/vapor interface. Mastumoto (Sinha 2004) found the pre-diffusion behavior of solid-liquid-gas three-phase contact line. The results showed that there are a lot of molecular diffusion occur at the solid/liquid interface and some of them pass through the interface. In the study of Nakabe(Nakabe et al. 1999), comparing the micro-scale droplet behavior on smooth and rough planes, it concluded that the contact angle on smooth and rough planes decreases with the increase of potential well parameters. When the parameters of potential wells are the same, the contact angle of rough surface is larger than that of smooth surface. It indicates that the surface micro-scale rough structure is beneficial to improve the hydrophobicity of surface.

The solid-liquid contact can likewise be dynamic.

Thompson (Thompson & Robbins 1989) studied liquid flow on solid surface using molecular dynamics simulations. He found that the slip phenomena of determining fluid on the surface of the material type are closely related to the potential energy action and wettability of the fluid on the solid surface. The flow of liquid on the hydrophobic surface has obvious slip, while on the hydrophilic surface it may be non-slip or even "negative slip" (Nagayama & Cheng 2004). The statistical density of liquid molecule is in the range of several molecular diameters near the solid wall surface. Because of the influence of the wall potential energy, the statistical density of liquid molecule is in a layered spatial fluctuation distribution. Furthermore, for the liquid flow in nanochannels, it is found that there is a critical velocity shear rate. Under this critical vale, the slip length is only related to the properties of the fluid and the wall and accords with the slip law. When the shear rate is higher than the critical velocity, the slip length increases rapidly (Wagemann et al. 2017). Since crystals are periodic, we can usually convert particle motion inside a crystal into particle motion within a cell. However, if the particle size is comparable or smaller than the size of physical features, the periodic boundary variation of the crystal will be broken (Arora 1981). They could be the Broglie wavelength of electron conduction, the wavelength of light waves, the wavelength of phonons, and the transmission length. For a bulk system consisting of an infinite number of atoms, its physical properties may greatly change, compared with the limited particles. They include, but are not limited to the magnetic properties, internal pressure, light absorption, thermal resistance, chemical activity, catalytic properties and melting point. For example, gold block is very stable under normal conditions, but gold nanoparticles play a key catalytic role in many chemical reactions (e.g.carbon monoxide oxidation). Due to the comparable size, more interfaces are induced. When solid-liquid composites are reduced to the nanoscale in a specific dimension, or when the solid-liquid particle motion is limited to the nanometer size, the most significant change is the increase in the ratio of surface particles, and thus the increase in the specific surface area of the solid/liquid interface. Based on this, a possible tunable role played by the interface in the energy transfer process is crucial.

Rajabpour (Rajabpour et al. 2019) proposed a equation to calculate the interfacial thermal conductance G between the nanoparticle and surrounding water, as follows:

G = |dE/dt| A∆T (1.7)
where dE/dt and ∆T present the heat flux, G depends strongly the surface area of the nanoparticles and A is the surface of cross section . It is obvious that the specific surface area increases leading to the thermal conductance decreases. Graphene, a two-dimensional sheet of carbon atoms with only one carbon atom thickness, having a larger specific surface area, is often chosen to introduce into PCMs to improve the thermal properties of PCMs (Dao & Jeong 2015). In addition to adjusting the particle size, delicately changing the nanostructure is also a way to make changes in the specific surface area. This involves the addition of nanoscale pore. For nanoporous materials, more interfaces are created, inducing more boundary scattering of phonons. It is proved that the thermal conductivity evolution is controlled by the limited mean free path of phonons, which is related to the specific surface area of pore (Jean et al. 2014). Geometrically, it corresponds to the specific poros-32 Chapter 1. Solid-liquid nanocomposite ity. Even in the same porosity, The thermal conductivity of materials with different specific surface areas also differs greatly (Dettori et al. 2015).

Another effect caused by small size is the quantum energy level effect. The bulk material is considered as a limit of an infinitely large system, corresponding to the continuous spectrum of states of electrons. So we can approximate that a continuous energy level is formed from infinitesimal energies. But if the size of material or the particle size is limited, the states are discrete, rather than continuous, shown in Fig. 1.18. The averaged difference between each successive energy level is expressed by Kubo gap δ , equal to 4E f /3N (Rao et al. 2000). E f is the Fermi energy, the topmost energy potential of electrons at zero temperature, and N is the number of valence electrons. It verifies that for the infinitely large system, δ tends to 0, and the energy level seems continuous. At the nanoscale, the energy level changes from a continuous structure to a split structure, which leads to sorts of characteristics for nanomaterials. Keith T. Butler (Butler et al. 2019) using Density Functional Theory (DFT) designed the band gap, band alignment of interface between materials to tune electronic properties, predicting the performance of photovoltaic (PV), and photocatalytic (PC) devices. In the study of transport properties of materials, such as electrical and thermal conductivity, the energy level structure is always a very complex issue and is the basis for the study of density of states. The split energy bands allow the control of the frequency band of the absorbed waves, which makes the application of the material more relevant in specific areas. For example, the wavelength range of near-infrared light can pass through human skin and deep body tissues without causing damage. Therefore, when designing a photo-thermal nanomaterial, the material absorbs infrared light in a specified frequency band and converts the light energy into heat energy. Consequently, it results in high local temperatures that kills tumor cells (Zhang et al. 2018a).

Thermal properties of solid-liquid nanosystem 1.3.1 Thermal properties studies

The presence of a solid/liquid interface allows for a richer variation in heat transfer through the material, which in turn mainly changes the thermal conductivity, interface thermal resistance. Other properties of the material can also be altered in certain conditions, such as higher thermal insulation, tunable thermal radiation, thermal rectification, surface wettability even new utility as thermal transparency.

The image of solid-liquid surface modeled and the spatial heat conduction dis- tribution could help to explain thermal transport phenomenon of nanofluid. Mississippi Missouri Bhunia studied the thermal property of 2D dielectric nanomaterial: amorphous graphene Sheets in transformer oil (TO) [START_REF] Bhunia | Amorphous graphene-transformer oil nanofluids with superior thermal and insulating properties[END_REF]). He found that a higher thermal conductivity of nanofluid is contributed by the lattice vibration and cluster formation, compared with the basefluid. As well, a electrical insulting performance is visible when the temperature increases. The co-existence of high electrical insulation and high thermal conductivity give TO an attractive improved overall property.

To the thermal transport of solid-liquid nanomaterials, thermal conductivity becomes a more and more significant investigated parameter. Many researches have demonstrated that the combination of the solid and the liquid in nanofluid produces a higher thermal conductivity, even with a very low particles volume percentage. Mostly a lower thermal resistance for solid/liquid interface makes it possible to reduce heat loss (Vo & Kim 2015;Wemp & Carey 2019).

To investigate the thermal conductivity of solid-liquid composite, experimentally, Photo Thermal (PT) method was used due to a high sensitive signal to thermal-induced pressure rising on the liquid (Andrusenko et al. 2012), as shown in Fig.1.19(a). Lishchuk et al.(Lishchuk et al. 2015) used this technique, finding that the thermal conductivity of a nanoporous silicon filled with oil is twice as large as the dry simple. Beside these, Patrick E. Hopkins et al. (Hopkins et al. 2011) applied Time Domain Thermoreflectance (TDTR) (in Fig.1.19(b)) to measure the 34 Chapter 1. Solid-liquid nanocomposite thermal conductivity of a series of single crystalline silicon phononic crystals (PnCs), which is over an order of magnitude lower than those obtained for bulk Si. For nanoparticle suspension (Cardellini et al. 2016), by effectively controlling the geometrical, chemical or physical parameters, the thermal conductivity can be enhanced, meanwhile a good compromise with viscosity. From other type of materials, like nanofluids, It is also revealed that a mixture of a solid and a liquid have a great promotion to thermal properties. Honorine Angue Mintsa et al. (Mintsa et al. 2009) studied the alumina/water and copper oxide/water nanofluid. A relative increase of thermal conductivity is found in the high temperature range. From these results, the thermal conductivity of solid-liquid hybrid composite is more excessive than the sum of thermal conductivity of the solid (matrix) and liquid, if proposed by macroscopic models like Effective Medium Approach (EMA) (Termentzidis et al. 2018). That indicates the significant meaning of interface and complexity of solid-liquid coupling. Moreover, it failed to capture the variation of the thermal conductivity at nanoscale by traditional macroscopic methods. To specify these mechanisms, the modeling and simulation techniques can be investigated to understand many properties on the microscopic scale. Molecular dynamics (MD) simulations are generally applied in many areas to obtain structural and thermal properties with better accuracy (Lee et al. 2007;Fang & Pilon 2011). In this context, Brownian dynamics simulations, based on equilibrium Green-Kubo approach [START_REF] Allen | [END_REF], have been interested in calculating the effective thermal conductivity of confined water in crystalline silicon matrix. The Green-Kubo method allows one to extract transport properties while carrying out the simulation at equilibrium. It has been shown to be reliable and accurate for Lennard-Jones liquid (Vogelsang et al. 1987) as well as solid systems (Li et al. 1998;Schelling et al. 2002).

Using micro time domain thermoreflectance and Monte Carlo simulations can find the similar results in the study of Maxime Verdier (Verdier et al. 2017). The boundary scattering is enhanced when adding the aligned and staggered hole in the nanomaterials, which induces a strong reduction of thermal conductivity.

Dezhao Huang et al. (Huang et al. 2018) found that there is a collaborative effect from the electrostatic interactions and the Lennard-Jones (LJ) interactions (especially the repulsive part). The electrostatic interactions, which are between the polar functional groups of self-assembled mono-layers (SAMs) and water, attract water molecules closer to the SAM surface, leading both the electrostatic and L-J interactions to have larger effective forces across the interfaces. This increases the power exchanged between solid and water atoms, enhancing the thermal energy transport. Harikrishna et al. (Harikrishna et al. 2013) using the same method investigated the interface thermal conductance between water and SAMs modified gold substrates. They reported an interface thermal conductance for a hydrophilic Au surface in water of 190630 MW/m 2 •K. L. Sarkisov et al. (Sarkisov & Monson 2000) found that the hysteresis loops obtained in the molecular dynamics calculations are essentially identical to those obtained in GCMC simulations of the same system. Jun Zhang et al. (Zhang Jun 2017)demonstrated that for the nanodroplets spreading on the surfaces, applying a dynamic contact angle model is not sufficient to pick up the molecular effects. It is helpful to use the VOF method accounting for slip across the entire solid/liquid interface, in particular the 36 Chapter 1. Solid-liquid nanocomposite large slip behaviour at the contact-line. Ruixia Su et al. (Su & Zhang 2018) studied the size-effect impact of suspended and supported graphene.It is found that the thermal conductivity value would converge to a constant value as further increasing size. The underlying physics of the size effect on both suspended and supported graphene is investigated and presented in terms of phonon transport analysis.

Parameters that influence the thermal properties

Both from the experimental (Kokate & Sonawane 2019) and theoretical (Achhal et al. 2018) study on the thermal transport of nanofluid, it is found that the thermal conductivity in nanoparticle suspensions is strongly dependent on the size of the particles, where the thermal conductivity increases for smaller particles. But for nanoporous materials, it exhibited the opposite conclusion with larger pore size and lower thermal conductivity (Antidormi et al. 2018).

The thermal conductivity of solid-liquid nanoporous composites is controlled by the type of materials of liquid and solid (inclusion and matrix), the characteristics of the pores (porosity, size, position), also by the simulated conditions. Among them, the impact of porosity is the most severe. Many studies have already reported in this point. Fang et al. (Fang & Pilon 2011) investigated the impact of system length and pore diameter on the effective thermal conductivity of crystalline nanoporous silicon at 500 K. J.-H. Lee et al. (Lee et al. 2007) calculated the lattice Thermal Conductivity (TC) of Si with nanometer sized pores along the [001] direction as a function of pore diameter and pore spacing. What's more, he found that TC across pores is smaller than the bulk value by over two orders of magnitude at room temperature. Our previous study (Isaiev et al. 2020) showed that the thermal conductivity of porous silicon without water has decreased by nearly an order of magnitude compared to the bulk value, and much greatly when the pore size increases, which is consistent with the literature results on porous systems (Mortazavi et al. 2019;Yousefi et al. 2020a). M. Verdier added an amorphous silicon nanoinclusion in the inside nanopore of nanocrystalline silicon to prove its same effect on thermal conductivity as the nanopore. Two key parameters proposed as a function in his study to summarize the behavior of TC: the "non-crystalline" fraction and the surface to volume ratio (Verdier et al. 2016).

For temperature factor, only a few results have carried considering the dependence of the effective thermal conductivity values on temperature for nanoporous materials (Cui et al. 2018) and also nanofluid (Xing et al. 2006). For example, El Mehdi Achhal et al. (Achhal et al. 2018) found on the thermal conductivity of Au-Cu nanofluid with argon-based fluid and suspended copper nanoparticles, which increases when the temperature increases in temperature range from 86 K to 102 K. For solid-liquid system, more researchers focus on the strong temperature dependence of thermal resistance of the interface (Yousefi et al. 2020b;Xue et al. 2003a). But when the liquid is confined in a mesoscale even nanoscale region, due to the extremely small size constraints, the interface is difficultly to define. (Achhal et al. 2018). Trend results are readily available. But for effective thermal conductivity, it lacks of analytical models for description and analysis of reason.

Thermal applications of solid-liquid nanosystem

Solid-liquid can take the advantages of the counterpart.

Combining with the flow, diffusion and self-adaptive properties of liquid can help the new material having much stable composite properties.

Numerous reviews (Wen et al. 2009;Senthilraja et al. 2010;Senthilraja et al. 2010;[START_REF] Wong | Applications of nanofluids: current and future[END_REF]Yu & Xie 2012) published around 2010 introduced the preparation, fabrication, current and future development of applications of these materials. This shows that solid-liquid mixture in the field of nanomaterials has received great attention and developed greatly in these 20 years. Some examples involving in electronic devices, fuel cells, soft materials, thermal energy control, and biomedical therapy are taken in the following subsections.

As shown in Fig. 1.20(a), Alan Molinari et al. (Molinari et al. 2019) tuned the interplay between electric and magnetic degrees of freedom at the interface of allsolid-state and solid/liquid state for magnetoelectric composites. In the Fig. 1.20(b), Zhou Y et al. (Zhou et al. 2017) proposed to add the solid electrolyte LAGP in tetraethylene glycol dimethyl ether (TEGDME) electrolyte to obtain a sandwich structure hybrid electrolyte, which can effectively stabilize the electrode-electrolyte interface of Li-Se battery, limit the shuttle of polyselenide, inhibit the formation of lithium dendrites, and improve the electrochemical performance of Li-Se battery. In the Fig. 1.20(c), Xiying Li and co-workers (Li et al. 2019) used the multimaterial microfluidic 3D printing platform to induce thermally flower-shaped complex with the two-layer beam structures, whose beam could maintain the shape after fast cooling to the room temperature, providing a new insight for soft robotics design. Xiaohu Yanga et al. (Yang et al. 2019c) Due to the diversity of material types, quantum effects of atoms, structural versatility, the complexity of the interface, the applications of solid-liquid nanocomposites in micro devices are diverse and involve many fields, including microelectronics heat dissipation, thermal energy conversion, thermal storage and thermal control.

Microelectronics heat dissipation

One common solution to the problem of heat dissipation in microelectronic devices is the liquid flow cooling. As shown in Fig. 1.21(a), the coupling of the heat conduction and heat transfer convection solid/liquid interface induces the continuity of heat flux dissipation in the single rectangle microchannel (Al-Neama et al. 2017). Moreover, it is proved that the nanofluids such as Al 2 O 3 -H 2 O can employ successfully based heat sinks cavities in microelectronic packages, providing an excellent local heat exchange capability (Selvakumar & Suresh 2012). However, when the heat transfers through the radiator and heat source, the interface between them often restrict the heat dissipation, on account of the thermal contact resistance (TCR). It is so sensitive and influenced by many factors, like temperature, pressure. The phase change thermal interfacial materials (PH-TIMs) is proposed as times require, as shown in Fig. 1.21(b). When the PH-TIMs changes the phase from solid state to molten state, the wettability of two contact surfaces also changes from solid-solid to solid-liquid contact. It induces the great reduction of the TCR. In the report of Changqing Liu et al., they designed a novel PH-TIMs, graphene/olefin block copolymer/paraffin, which helps the TCR decrease with a drop of two orders of magnitude (Liu et al. 2020), shown in Fig. 1.21(c). 

Thermal energy conversion

Solid-liquid nanocomposites can also make the conversion of heat and light, electricity, magnetism, and mechanical energy through their tunable thermal properties, and they are extensively adopted in thermoelectric devices (Ohta et al. 2008), photo-thermal, solar-thermal devices (Duan & Lieber 2000;Huang et al. 2018), etc.
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To convert directly the thermal energy into electricity in thermoelectric device, thermoelectric material contribute a sustainable and environmentally kind conversion. However, some of them such as Bi 3 Ti 3 , PbTe are toxic, with high cost and low efficiency. Note that the efficiency is generally evaluated by the dimensionless factor called figure of merit Z, expressed as:

ZT = σ S 2 T /λ (1.8)
where T , λ and S are the Seebeck coefficient, the temperature, the thermal conductivity, respectively, as well as σ S 2 the power factor (PF). Lourdes Márquez-García found that the PF can be significantly enhanced by a solid-liquid hybrid system based on a porous solid permeated by a liquid with the salt dissolved inside. An improved eletrostatic environment of solid was built by the ions at solid/liquid interface (Márquez-García et al. It is a well-known fact that solar energy is a very clean, environmentally friendly and easily accessible green energy source both in civil and industrial use. Solar energy can be converted into heat energy directly or indirectly by absorption. The energy efficiency is affected significantly by both the capture and conversion of solar energy. The diverse structures of energy collectors such as sheets, layers, and grids offer the possibility to increase the efficiency of solar energy capture. The efficiency of the energy converter, however, depends mainly on the photothermal properties of the liquid. A kind of solid-liquid nanocomposites is suggested to provide the potential of increasing the efficiency of direct solar-thermal conversion (Chen et al. 2018;Soltani et al. 2017;Mu et al. 2009). Nanofluids play a significant role among them. Numerous types of solid-liquid PCMs have been researched for thermal en-42 Chapter 1. Solid-liquid nanocomposite ergy storage applications (TESS) (Su et al. 2015). Through the phase transformation, it is the storage and consumption of energy that is out of sync with time (Rao et al. 2013). Examples for PCM structure simulations are shown in Fig. 1.23.

Thermal storage and thermal control

Compared with traditional energy storage systems, the PCMs material weight and volume required for storing the same capacity are smaller. Energy can be stored at a stable or near phase transition temperature (Agyenim et al. 2010). So in solar absorption refrigeration systems, electronics thermal management, industrial waste heat recovery and off peak electricity storage systems (Merlin et al. 2016;Khan et al. 2017), the use of PCMs is highly recommended. Molecular dynamics (MD) is an effective approach to calculate the thermodynamic quantities and other macroscopic properties of the systems. In this study, the main purpose of MD is to estimate the thermo-physical properties, for instance the heat flux, thermal conductivity, thermal motion of atoms and so on. It provides the visualisation and process means to properly understand and analyze the microscopic reactions. So in this chapter, the detailed process of MD simulation using LAMMPS is introduced, including the thermostat/barostat, boundary conditions, algorithm, etc. After that, interatomic potential functions needed in our simulations are presented. To calculated the thermal properties via LAMMPS, the EMD, NEMD and AEMD methods are expanded in the third section. Finally, several parameters need to be studied to explain the results of thermal properties and clarify the physical mechanisms. The characterization methods for this part are details at the end.

Introduction

Molecular dynamics simulates the motion of individual atoms in a large collection of particles (solid, liquid, gas) combining the physics, the mathematics and the chemistry. It relies on the Newtonian mechanics to simulate the motion of molecular system in order to take samples in the different states of molecular systems, thus calculating the motion behaviors of the whole system, further the calculations of thermodynamic quantities and other macroscopic properties of the system.

Molecular Dynamics (MD) simulation is simply to solve the N-body problem through the numerical method. It aims at exploring the following motion of molecules based on the initial position, velocity, mass of N-body in classical Newtonian mechanics case. The most important role evolves into the linking of the single-particle dynamics to the collective state of the system, which attempts to explain the dynamics of systems of large collections of particle by examining the motion of individual atoms. Molecular dynamics has been used in many research fields such as high molecular chemistry, material science, molecular biology and condensed matter physics, etc.

In this study, MD is used mainly for thermodynamic calculation, which has high accuracy and validity in the calculation of macroscopic properties. MD simulations are conducted with the open source code Large-scale Atomic Molecular Massively Parallel Simulator (LAMMPS) (Plimpton 1995a). The effective thermal conductivity has been computed with the Equilibruim Molecular Dynamics (EMD) methodology. In the following paragraphs, details of the modeling and the simulatations are given.

Simulation process

Molecular dynamics can be carried out in roughly the following steps.

1) Determine the starting configuration

A well-structured starting 3D configuration is the first step in performing MD simulations. The starting configuration of biological macromolecules are mainly derived from experimental data.

2) Choose appropriate force field and simulation software

The selection of an appropriate force field is the basis for conducting MD simulations. Different force fields have different applicability and limitations and need to be selected appropriately according to the system and problem under study. When using multiple force fields at the same time, attention should be paid to the compatibility between the used force fields. The choice of the force field is closely related to the accuracy of the final simulation results. The choice of software is often related to the force fields used and should focus on the required algorithms, the speed of operation of the software and parallel computing capabilities.

3) Building system and energy minimization

The starting configuration of the target molecule is already available, and then the simulation system has to be constructed according to the environment in which the target is located. The size of the system and the shape of the simulated cells depend on the specific system and need to be balanced with the rationality and the feasibility.

4) Equilibrium process

After the system is constructed, the initial velocity of each atom is given, and the velocity of motion of each atom is adjusted so that the sum of the kinetic energies of the system in general in all directions is zero. NVT and NPT conditions control the temperature, pressure and density of the system. This process requires monitoring the energy, temperature, pressure, and density of the system to see if it converges until the system reaches equilibrium.

5) Data acquisition process

After the system has reached equilibrium then a long simulation can be performed and samples can be taken from this process for analysis. The macroscopic physical quantities needed are output according to the research needs. Simulations should be as long as possible to be sure that the phenomenon or property under study can be observed, and the reproducibility of the occurrence of this phenomenon needs to be ensured.

6) Analysis of MD results

The result analysis is mainly to obtain macroscopic physical quantities that can be compared with experimental results by means of coefficient averaging. There are many tools available for data analysis. The analysis methods include: average energy, average atomic coordinates of the system, geometric structure, dynamic mechanical properties, etc.

Cutoff radius settings

In order to save computational resources, the potential energy needs to be cut at a suitable distance. In molecular dynamics, potential energy is often cutoff and shifted so that the potential energy at the cut-off radius is zero.

u c (r) =    u(r) -u(r c ), r ≤ r c 0, r > r c (2.1)
To ensure the continuity of the force and to eliminate the jump in energy at the cutoff radius, molecular dynamics chooses to add a shift potential u ′ to the above equation Eq.2.2. It ensures that both force and potential energy are continuous. For the potential energy of metals and semiconductors, they are designed with the cutoff radius is taken into account, so the potential energy and the first and second order derivatives are zero at r c .

u c (r) =    u(r) -u(r c ) -u ′ (r c )(r -r c ), r ≤ r c 0, r > r c
(2.2)

System control

After the energy minimization, the molecular velocity needs to be initialized. Usually, the initial velocity is chosen according to the Maxwell-Boltzmann velocity distribution of the Gaussian distribution random number generator is chosen. It is usually obtained from the initial temperature corresponding to of the Maxwell velocity distribution to ensure that the initial velocity distribution corresponds to the set initial temperature of the system.

After the system is constructed, an initial velocity is assigned to each atom, after which equilibration is performed to ensure that the system has no translational displacement. The initial velocities are usually generated at low temperatures (to avoid excessive initial temperatures, which can cause atomic collisions, system instability, etc.), and then the particles are restrained for a gradual ramp-up under NVT conditions. After ramping up to the desired temperature, the simulation is then performed under NPT conditions to adjust the pressure and density of the system. Applying Hamilton's formula, the momentum is summed over 3N. N is always degrees of freedom of the system.

3N ∑ i=1 ⟨ p 2 i 2m i ⟩ = 3N 2 k B T (2.3)
where p i and m are the momentum and mass of atom i, k B is Boltzmann constant. From Eq.2.3, the instantaneous temperature of the system is proportional to the instantaneous kinetic energy, while the kinetic energy is related to the square of the velocity, which leads to the possibility of temperature controlled by regulating the velocity of particle motion. The molecular dynamics approach to temperature optimization at target temperature T D can be understood as adding a resistance term to the equation of motion.

⃗ r i = ⃗ F i 2m i - α m i ε(T, T D ) ⃗ r i (2.4)
where ⃗ r i is the acceleration of atom i, α is a coupling parameter describing the intensity of heat exchange between the system and the heat source, and ε(T, T D ) is a function of temperature, which will be defined later. Obviously, ε is positive when the instantaneous temperature is greater than the target temperature, and negative when the opposite is true. Different thermostats have different methods of calculating the resistance, just the calculation of ε.

The Langevin thermostat is a stochastic method that associates the equations of motion with the thermostat by adding a random force. the Lanvegin equations of motion can be expressed as

⃗ r i = ⃗ F i 2m i -γ i ⃗ r i + F o (t) (2.5)
Here, γ i is damping factor of atom i, F o (t) is the random time-varying forces. If γ i is too small, it weakens the control of temperature and then slow down the equilibrium process. If being too large, it makes the random forces more influential than the interatomic forces, and the motion of the atoms will be closer to Brownian motion. Another type of temperature relaxation is called Berendsen thermostat, where 48 Chapter 2. Molecular dynamics the damping factor is defined as:

ε Berendsen (T, T D ) = 1 - T D T (2.6)
These two thermostats can both adjust the temperature so that it is close to the target temperature, but time-irreversible. To solve this problem, Nose-Hoover thermostat, which introduces an additional parameter to Langevin thermaostat to achieve a constant temperature.

⃗ F i = - ∂U( ⃗ r N ) ∂⃗ r i -ε ⃗ r i m i ε = 1 Q ( ∑ i ⃗ P i 2 m i - 3 2 Nk B T ) (2.7)
where U( ⃗ r N ) is the total potential energy of the system at a given moment, Q is analogous to a mass parameter that represents the strength of the coupling between the system and the environment. The greatest advantage of the Nose-Hoover thermostat is the ability to obtain the correct process quantities, such as the thermostatic diffusion coefficient. The coupling strength Q has very little effect on these quantities.

The fatal flaw of Nose-Hoover thermostat is that when the system is subjected to external forces (i.e. external potential energy), Nose-Hoover thermostat does not give the correct phase trajectory, seriously violating ergodicity and eventually giving wrong results (Another thermostat called Andersen Thermostat could be still applicable in this case). The solution to this problem is to use a series of coupled Nose-Hoover Thermostats to satisfy the ergodicity.

For barostats, the two main methods, Berendsen barostat and Andersen barostat are introduced here.

⃗ r i = ⃗ P i m i (1 - β τ P (P D -P(t))) (2.8)
where τ p is the relaxed time, β is the compression factor. Like the method of thermostat, When the instantaneous pressure P(t) is greater than the target pressure P D , the value in parentheses is greater than 1 and vice versa. Another method is called Andersen barostat, which is similar to Nose Hoover thermostat. It sets additional kinetic and potential energy terms to relate the equations of motion to the moveable piston. However, the physical meaning of the coupling strength of the system to the environment is not clear enough in this method, so it isn't accurate enough in calculating the physical quantities of the process, such as the diffusion rate.

Ensembles

The statistical ensemble is a fundamental concept introduced when statistical methods are used to describe the statistical regularity of a thermodynamic system. The ensemble is not an actual object, but rather a formulation of statistical theory, and the system that constitutes the ensemble is the actual object. In EMD, the statistical ensembles commonly used in EMD research include Microcanonical ensemble (NVE), Canonical ensemble (NVT), and Isothermal-isobar ensemble, etc.

1) Microcanonical ensemble

The atomic number N, volume V and energy E of the system remain constant. Also is called the NVE system. It is an isolated, conserved system. In general, precise initial conditions for the energy cannot be obtained, so the energy can only be adjusted by regulating the velocity and achieving the equilibrium of the system by iterative relaxation.

2) Canonical ensemble

The number of atoms of the system N , the volume V , the temperature T remain constant and the total momentum remains constant. This is also called the NVT system. By keeping the temperature virtual heat bath and thus keeping the kinetic energy of the system fixed, the atomic velocity scale is achieved. This system is the best choice to measure the behavior of the system at constant temperature.

3) Isothermal-isobar ensemble

This includes the isothermal isobaric (NPT) and isobaric isoenthalpic (NPH) systems. The system atomic number N , pressure P , and temperature T remain constant, also known as the NPT synthesis. Since the pressure and volume are conjugate, the volume of the system can be scaled for the purpose of pressure control. NPH is a system where the atomic number N, the pressure P, and the enthalpy H = E + PV remain constant.

Boundary conditions

Boundary conditions are divided into the following three cases. The illustrations are shown in Fig. 2.1

1) Periodic boundary conditions

When the molecule moves beyond the i-directional edge outside the idirection boundary, the molecule will be moved from the -i direction in the current time. The length of the system in direction i is set as l i , so as the displacement could be:

⃗ r i (t + ∆t) = ⃗ r i (t) ± ⃗ l i
(2.9)

2) Mirror boundary conditions

When the molecule moves beyond the i-direction boundary, the i-direction position coordinates of the molecule are reset by multiplying the adjustment factor a, and the i-direction velocity is reversed in the current time step.

⃗ r i (t + ∆t) = a l i /2 (2.10) ⃗ r i (t + ∆t) = -⃗ r i (t) (2.11)
3) Diffuse reflection boundary conditions When the molecule moves beyond the i-direction boundary, the i-direction position coordinate and velocity vector of the molecule are reset in the current time. The velocity components of the reflected particles are obtained from the Maxwell velocity distribution cor-responding to the boundary temperature, chosen randomly, and the velocity direction is guaranteed to point inside the system. This boundary condition is usually used to simulate a constant temperature boundary with a wall. The boundary treatment takes into account the energy exchange. The molecules are considered to have the same temperature as the solid wall when they are emitted from the boundary back inside. However, this method does not arrange the actual solid atoms and does not consider the flow-solid potential.

Algorithms

Molecular dynamics simulations are based on the numerical integration of the equations of motion of hundreds or even thousands of molecules, taking advantage of the high speed and accuracy of modern computers. There are many different integration methods to integrate second-order ordinary differential equations. The following two most commonly used methods are described here.

Verlet algorith

This it the most widely used algorithms in molecular dynamics. The start of the algorithm follows the following steps: 1) Specify the initial position, 2) Specify the initial velocity, 3) Perturbing the initial position, ⃗ r i (∆t) = ⃗ r i (0) -⃗ v i (0)∆t 4) Calculate the force of the n th step, 5) calculate the position of the

(n + 1) th step, ⃗ r i (t + ∆t) = ⃗ r i (t) -⃗ r i (t -∆t) + ⃗ a i (t)∆t 2
6) Calculate the velocity of the n th step, 7) Repeat 4 th to 6 th steps.

The calculation of the particle position follows the Taylor expansion and the calculation of the acceleration follows Newton's second law.

Position: ⃗ r i (t + ∆t) = ⃗ r i (t) +⃗ v i ∆t + 1 2 ⃗ a i (t)∆t 2 ⃗ r i (t -∆t) = ⃗ r i (t) -⃗ v i ∆t + 1 2 ⃗ a i (t)∆t 2 (2.12) 52 Chapter 2. Molecular dynamics Velocity : ⃗ v i (t) = ⃗ r i (t + ∆t) -⃗ r i (t -∆t) 2∆t (2.13) Acceleration : ⃗ a i (t) = ⃗ F i m i (2.14)
The Advantages of verlet are only one force is calculated for each integration and time reversible. But the velocity calculated has a large error (∆t 2 ) according to Taylor expansion. Meanwhile, the trajectory is not related to the velocity and cannot be coupled with the heat bath.

Leap-frog algorithm

Leap-frog Algorithm firstly uses the acceleration at the current moment to calculate the velocity after half a time step, and then calculates the position at the next time step to infer the velocity at the current moment, shown as following. This operator takes an advantage of improved accuracy than verlet above, and it could be coupled with a heat bath because of the speed-dependent trajectory. Relatively, it takes more time and is less efficient. 1) Specify the initial position, 2) Specify the initial velocity, 3) Perturbing the initial position, ⃗ v i (∆t) = ⃗ v i (0) -⃗ a i (0)∆t/2 4) Calculate the force of the n th step, 5) calculate the velocity of the (n+

1 2 ) th step, ⃗ v i (t + 1 2 ∆t) = ⃗ v i (t - 1 2 ∆t)+⃗ a i (t)∆t 6) calculate the position of the (n + 1) th step, ⃗ r i (t + ∆t) = ⃗ r i (t) +⃗ v i (t + 1 2 ∆t)∆t 7)
Calculate the velocity of the n th step, 8) Repeat 4 th to 7 th steps.

Output of molecular dynamics

Using the above calculation methods, the position, velocity, and acceleration of the particles are calculated, and when the system reaches the specified moment, the molecular information is sampled and the specified macroscopic physical quantities are output according to the research needs.

The output data processed in LAMMPS is divided into three main sections: In order to prevent accidents in the simulation process, such as a sudden power failure in the laboratory or machine room, errors in some phases of the program, the generated breakpoint data helps that the calculation can be continued from the intermediate process to improve efficiency.

2) The output of the thermodynamic quantities of the system, which are generally the collective behavior of the individual atoms in the system, such as temperature, pressure, etc. This kinds of output values are for the entire system, instead of a group, an atom. The main commands include 'thermo', 'thermo_style', etc. Other commands like 'fix ave/time','fix ave/spatial','compute reduce' could set the region of particles and frequency of data sampling, and the name of output files. The clever use of these commands can greatly improve output efficiency, reduce the pressure of postprocessing data, and enrich the variety of output data.

3) The detailed information of each atom, such as trajectory of atom, using the command like 'dump','dump_modify'.

The above is only the most basic output of molecular dynamics software, on which I perform post-processing and complex operations to meet our needs for calculating more complex physical quantities.

Interatomic potential functions

A potential function is a mathematical function that represents the value of physical potentials. It gives the energy of a molecule as a function of its geometry. It describes generally the strength of interactions changing with the position of atoms. The accuracy of the interaction potential between molecules or atoms has a great influence on the accuracy of the calculation results, but the research on the interaction potential between atoms has been developing slowly, which has restricted the application of predictive dynamics in practical research to a certain extent.

There are three different classes of atomic potentials used in molecular dynamics simulations: pair potentials, many body potentials, and bond order potentials. Many potentials such as Lennard-jones potential, Morse potentials are widely used in Molecular dynamics, with quicker computations. It performs feasibly the Coulomb's law in electromechanics, Newton's law in mechanics and so on. It is also the most common and typical choice for liquid and gas models. Pair potentials is a function which depicts the potenitial energy of two interacting particles. The total energy of a atom (e i ) is the sum of pair energies, f , as a function of distance, r i j , between the atom (i) and all other atoms:

1) Pair Potentials

e j = ∑ j̸ =i f (r i j )
(2.15)

The pair function f often decays quickly with disctance, and then the scope is limited by a cutoff radius for numerical efficiency.

2) Many-body Potentials

Many-body potential is more complicated and computationally expensive, but describes the physical properties of particles more accurately with higher fidelity than pair potential. It depicts three of more objects interacting with each others. Lots of simulations for metals and polymers choose to use many-body potentials, such as embedded-atom method (EAM) [START_REF] Sheng | [END_REF], Environment-Dependent Interatomic Potential (EDIP) (Keblinski et al. 2002), Tersoff potential (Ohira et al. 1994), Moment Approximation (TBSMA) (Rousset et al. 1995) and so on. In the model of many-body potentials, except for pairwise interactions, global terms related to the surrounding atoms also occur through the particles. The total energy cannot be summed over the pair potential of atoms. It includes mostly a explicit combination of high order terms. An example of a many-body term for the total energy of atom e i is shown as following:

e j = ∑ j̸ =i ∑ i, j̸ =k f (r i j , r ik , r jk ) (2.16)
3) Bond Order Potentials

Bond order potentials such as Tersoff potentials and Brenner potentials (Brenner et al. 1991), reflect not only the pair or many-body informations, but also several different bonding states of an atom, consequently to extend to describe the chemical reactions. The chemical bonds can depend on nonpair interactions like dihedral angles. Each bond order potential develops independently the strength of bonds. Different bonding environment including the angle and length of bonds, the number of them are reflected in the body order potentials. The total energy of an atom e i is based on a combination of pair or many-body term and a term of chemical bonds. From a simple case based on the concept of Linus Pauling (Abell 1985), the bond order potential for three atom interactions can be written as a simple pair potential with a modified term of bond order function b i jk :

e j = ∑ j̸ =i f repulsive (r i j ) + ∑ i, j̸ =k b i jk f attractive (r i j )
(2.17)

Lennard-Jones potential

Lennard-Jones potential (LJ) is a typical representative of continuous pair potential. It starts with the assumption that two particles at infinite distance from each other and don't interact. LJ consists mainly of the repulsion force proportional to the n-th power of the reciprocal distance of the atom and the force produced by the instantaneous dipole induced by the paired atom. Due to the computational expediency, LJ is usually represented by 12-6 Lennard-Jones model, given by the following equation:

U(z) = 4ε σ r - σ r 6 (2.18)
where ε is well depth of energy between solid and liquid to explain the stronger attraction of two particles., σ is the distance parameter when the bonding potential is equal to 0. The potential energy and interaction force between molecules are shown in the Fig. 2.2 [START_REF] Kittel | [END_REF]. When the particle are brought closer from infinitely long distance, they are attractive with each other. This attractive force makes them even further closer until they reach an equilibrium distance with their minimum bonding potential U(z) = ε with z = 2 1/6 σ . And then the distance continues to decrease, the particles overlap, the repulsive force acts and pushes them further apart. Sikkenk, J. H (Sikkenk et al. 1987) found the wetting and drying behavior of solid surface by using Young's equation. All atoms are LJ atoms. Two kinds of molecules were simulated, including three layers of solid wall molecules and molecules constituting fluids. Fluid molecules are located between two solid walls at a certain simulated temperature, and the parameters of solid-liquid σ sl and liquidliquid σ ll change. According to σ r = σ sl /σ ll , three phenomena can be observed.

If the potential energy function of all atoms in a plane is integrated for fcc(111) plane, the following potential function can be obtained (Sun & Ebner 1992). σ sl 56 Chapter 2. Molecular dynamics 

U min = - 4 √ 3π 5 ( σ sl σ z ) 2 ε sl (2.19)
Assuming that the solid wall is infinite, the potential function of an arbitrary liquid atom is that of a solid wall atom. The integral in a semi-infinite space is expressed as

U(z) = 2 √ 2π 45 
ε sl σ 3 sl σ 3 z [2( σ sl z ) 9 -( σ sl z ) 3 ] (2.20)
1) When σ r < 0.54, the liquid layer is kept in the middle of the system, both sides are covered by gas molecules. In this case, there are two solid-gas and two liquid-gas interfaces. Solid walls are dry and not wetted.

2) When 0.54 < σ r < 0.78, the liquid is adsorbed to a solid surface and the other solid surface is dry and not wetted. In this case, the solid-liquid, liquid-vapor and solid-vapor interfaces have one each.

3) When σ r > 0.78, both solid walls are covered with liquid.In this case, there are two solid-liquid and liquid-gas interfaces, and the solid surface is completely wetted.

In molecular dynamics simulation, except for LJ potential function, other forms of continuous pair potential function are also used, such as Born-Mayer-Haggins (BMH) potential[9], Morse potential[10], Johnson potential [11]. In general, the LJ potential function is used to describe the interaction between inert gas molecules, as well as the interaction between chromium, tungsten and other bodycentered cubic transition metals and molecules, mainly dispersive and repulsive materials. BMH potential is mainly used to characterize the atomic or intermolecular interaction potential of alkali metal halides and alkali earth metal halides. Morse potential and Johnson potential are often used to describe metallic solids.

Potential models for water

Water models have been maturely applied in the simulation of molecular dynamics. Models about liquid water, gaseous water, water clusters and aqueous solutions can better respond to the thermal dynamics, structural as well as mechanical dynamic properties of water under different conditions. These models are obtained through quantum mechanics, molecular mechanics, experimental results and have been revised and updated over the years. These models can be divided into three main categories: rigid water, flexible water and water subject to polarization. Based on this, it has been shown that as of 2002, as many as 46 molecular models of water have been established (Guillot 2002).

The process of constructing a model requires a trade-off between model complexity and the time scale and system size and complexity that can be simulated. A system containing large number of molecules (> 10,000 molecules) or taking long periods (above dozen nanoseconds) fits mostly into simple water models, while complex but more accurate models (e.g. ab initio methods) can only be used for relatively small systems (100-1000) and short simulation timescales (picosecond magnitude).

Classified by the number of sites, the water molecule model can be divided into 3 site (as TIP3P (Li et al. 2021) A water molecule consists of three atoms, so the main parameters of water models should be the mass of each atom, the power, the length of the hydrogenoxygen bond and the bond angle of H-O-H. The rigid water models represents that all these parameters are fixed such as SPC, SPC/E, TIP3P, contrarily the ones of the flexible models could be alterable. These two models take the same the atomic mass and the electric charge. The only difference is that the H-O-H bond angle of TIP3P is smaller than the theoretical value of 109.47°, which is 104.52°. These two water models only have Van Der Waals coefficients for oxygen atoms, and zero for hydrogen atoms.

The above two models have corresponding improved models. The improved model of SPC is SPC/E. It makes the total energy of the solution system multiplied by 5.22 kJ/mol, which can make the SPC solution properties closer to the experimental value. The improvement of TIP3P in the CHARMM force field is to give the hydrogen atom a certain Van Der Waals coefficient (Ong & Liow 2019), so that the calculation of the results corresponds to the complex.

The real case of the water molecule's electric distribution is not exactly on the atom, such as the oxygen atom part of the negative electric energy on the diagonal of H-O-H, and two electron pairs in the H-O chemical bond extension line. In order to obtain a more realistic model of the water molecule, models with more than four particles are applied to molecular dynamics simulations. Among them, the most famous one is the TIP4P model. This model has an extra point in the middle of the three atoms, on the diagonal of the H-O-H chemical bond, which contains no mass, only electric quantity. In many protein simulations, the combination of TIP4P and all-atom optimized potentials is used with good results (Jorgensen & Tirado-Rives 1988).

Interatomic potential functions for silicon and silicon/Water

The crystal silicon has a directional character of covalent bonds which is highly dependant on the atomic environment. To describe simply the pair potential of silicon atoms, PN Keating (Keating 1966) built an interatomic potential with elasticity consideration on the bonds in 1966. In 1986, Stillinger and Weber (Fang & Pilon 2011;Stillinger & Weber 1985) proposed another potential taking the two-body and three-body into contributions for solid and liquid silicon model. With this potential, the total energy E includes two-body and three-body interactions:

E = ∑ i< j εψ 2 (r i j ) + ∑ i̸ = j, j<k εψ 3 (r i j , r ik , θ i jk ) (2.21) (2.22)
where Ψ are the function of two-and three-body:

ψ 2 (r i j ) = A[B( σ r i j ) p -( σ r i j ) q ]exp( 1 r i j /σ -a ) (2.23) ψ 3 (r i j , r ik , θ i jk ) = λ (cos(θ i jk ) + 1 3 ) 2 exp( γ r i j /σ -a )exp( γ r ik /σ -a ) (2.24)
Using this potential, the thermal conductivities of bulk silicon, at room temperature, have been successfully retrieved (Schelling et al. 2002).

Moreover, an effective improvement of this potential was developed by L. Pizzagalli in 2012 (Pizzagalli et al. 2013). It retained the original feature like elasticity and point defects of SW potential, while improved the modeling behavior in the case of dislocation, amorphous structure and threshold displace energy, etc. The comparable parameter of the original and improved (called SW im here) SW potential are shown in the table 2.2, accompanying with the parameters of an-other alternative potential presented by Vink and co-worker (called VBWM here) (Vink et al. 2001).

The interactions between silicon-oxygen and silicon-hydrogen are modeled using a L-J potential, which is sufficient and physically meaningful for many relevant applications (Sachdeva 2009;Lennard-Jones 1924). The interactions between hydrogen and silicon atoms are neglected. More detailed interatomic parameters are displayed in Table 2.2. Considering the contact angle 87.5°of water droplet on the silicon surface (Isaiev et al. 2016), the LJ value for Si-O are chosen as:

ε Si-O = 15.75 meV and σ Si-O = 2.6305 Å. The cut-off distance beyond which the interatomic potential vanishes has been chosen to be 2.5 σ .

Methodologies to study thermal conductivities

LAMMPS provides at least four methods that can be used to measure the thermal conductivity of a material. For a simple Lennard-Jones fluid model, the KAPPA catalogue is consulted and four methods are discussed here.

The heat conduction tensor kappa is a measure of the propensity of a material to transfer heat energy in a diffuse manner given by Fourier's law

J = -k∇(T ) (2.25)
where J is the heat flux per unit energy unit per time zone, and ∇(T ) is the spatial gradient of temperature. Therefore, thermal conductivity has an energy unit per distance per degree K, and is generally approximated as an isotropic quantity, as a scalar quantity.

Firstly, two methods for calculating thermal conductivity using NEMD are presented. The first method is to set two constant temperature zones at two sides of the simulation box, as shown in Fig. 2.3(a). By keeping the two zones at different temperatures through thermostatic fixation, the energy added to the hot region should be equal to the energy subtracted from the cold region and the difference is proportional to the heat flux moving between the two zones. For details on this idea, see the papers by K. Konashi [START_REF] Konashi | [END_REF] and Hafskjold [START_REF] Hafskjold | Bjørn Hafskjold, Tamio Ikeshoji and Signe Kjelstrup Ratkje[END_REF]) and Wirnsberger et al (Wirnsberger et al. 2015). One notes that several thermostat commands (such as 'fix nvt', 'fix langevin', and 'fix temp/rescale') help to store the accumulated energy added or subtracted.

In a second method, shown in Fig. 2.3(b), a fixed heating or fixed flux command can be used instead of the thermostat on each of the two regions. Subsequently, the specified amount of energy is added/subtracted to or from the two regions. Similarly with the previous one, a temperature gradient is imposed inside. In both cases, it can use the calculate 'temperature/area' command to monitor the final temperature of the two regions, and use 'fix ave/chunk' and 'ke/atom' to monitor the temperature value of the middle region.

The third method is to use the fixed 'thermal/conductivity' command to perform a reverse unbalanced MD simulation, which implements Muller-Plathe's model using the Reverse Non Equilibrium Molecular Dynamics algorithm (rNEMD). In the Fig. 2.3(c), It allows to exchange kinetic energy between atoms through multiple layers in two different temperature layers of the simulation box. This will create a temperature gradient between the two layers. This correction is consistent with the cumulative energy transfer that it performs. More details can be seen in the manual page of 'fix thermal/conductivity' command in LAMMPS.

The fourth method is based on the Green-Kubo (GK) formula, which relates to the heat flux to the overall average of the autocorrelation of kappa. A general configuration is shown in Fig. 2.3(d). The heat flux can be calculated by the fluctuation of the per-atom potential and kinetic energy and per-atom stress tensor in the steady-state equilibrium simulation. This is in contrast to the previous two nonequilibrium methods, in which energy flows continuously between thermostats. This equilibrium method (EMD) needs a long time to equilibrium in order to get a homogeneous value in three directions. That's also what I use mainly in the study.

In the following section, details about these simulation methods are expanded. Based on them, a more efficient simulation method AEMD is also suggested in Sec.2.3.3. 

k = 1 3k B V T 2 ∞ 0 ⟨J(0)J(t)⟩ dt (2.26)
where J denotes the heat flux vector.

J = -k∇(T )

J(t) = N ∑ i=1 N ∑ j=1, j̸ =i [ 1 2 r i j • (F ij • ν i ) + 1 6 ∑ k=1,k̸ =i, j (r i j + r jk ) × (F ijk • ν i )]
(2.27)

V is the volume of the particle, T is the equilibrium temperature, k B is the Boltzmann constant, r i j is given by r i j = |r ir j |. F i j and F i jk are the two and three-body forces, respectively. For an homogeneous system, the thermal conductivity is reduced to:

k = 1 k B V T 2 ∞ 0 ⟨J x (0)J x (t)⟩ dt (2.28)
averaged over all the three components (k x , k y , k z ).

Using EMD simulations, a long run is necessary to obtain a convergence of the thermal conductivity. Though usually the thermal conductivity fluctuates in a small range after about 50 ns, a longer equilibrium period (NVE run) for 70 ns is applied in my study, to avoid a high dispersion of the results. After convergence, the final value of thermal conductivity can be obtained.

NEMD

Non-equilibrium molecular dynamics is also a very effective method for calculating the thermal conductivity of a material. Even when the system is in quasiequilibrium, it can calculate the gradient of the change in physical quantities and consequently the thermal conductivity of the material.

Depending on the boundary conditions, there are two method setups proposed for NEMD, one is the period boundary, the other is fixed sides. In this study, I adopted the second one that the both sides are fixed adjoined with two thermostats. According to the definition of thermal conductivity in Eq.2.27, thermal conductivity is related to heat flow and temperature gradient. The system heat flux J is 
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Chapter 2. Molecular dynamics generated internally by the different thermostats ∇T on both sides. The heat flow can be calculated by the amount of energy transfer through the system section per unit time as:

J = ∆ε A∆t (2.29)
where the A is the surface of cross section affected by the heat flux, ∆ε/∆t is the transfer energy rate added or subtracted from the both sides. Since the model simulated in this study contains pores, non-homogeneous material and the temperature gradient vary unevenly in different regions, the temperature gradient is approximated as ∇T = ∆T /L. Here, L is the length of main part of system. From the above formulas, the thermal conductivity λ is driven to be:

λ = ∆ε ∆t L A∆T
(2.30)

In this work, the whole system is divided into 200 bins along the longitudinal direction. After reaching the equilibrium state, the energy transfer is obtained by fitting linearly the energy change of each slab.

Except for the thermal conductivity calculations, NEMD is also used as one of the effective means to calculate the interface thermal resistance. When the heat flows through the solid/liquid interface, because of the interface at the solid lattice interruption, the hot carrier (phonon, electron) instantaneously changes in propagation. It does not allow all carriers to pass through the interface, called also the interface defects. At the same time, two temperature differences are formed on both sides of the interface. Especially in the temperature gradient curve, the temperature changes abruptly. At this point, the interface thermal resistance can be calculated by the ratio of the interface temperature difference and heat flow density.

AEMD

With an insight into the EMD and NEMD approach, their shortcomings are clearly being exposed. First of all, to achieve a sufficient converged value of thermal conductivity for EMD simulations, several millions of the simulation timesteps are required. Meanwhile, for NEMD simulation, it takes also a long time to reach a stable condition after imposing the initial temperature gradient or heat flux. Both methods require long computational times and indeed limit their applications on the large atomic systems or the complicated nanostructure. From this aspect, an Approach-to-Equilibrium Molecular Dynamics (AEMD) came out for the purpose of reducing the computational cost and accelerating the progress. AEMD describes helpfully the transport phenomena and extracts thermal properties from different thermal transport systems in a much efficient way. This approach is usually applied in a large system and has been already used to investigate the thermal conductivity of various bulk materials (Lampin et al. 2013;Melis et al. 2014). The simulation diagram of AEMD compared with the NEMD are shown in Fig. 2.5(a) and (b) (Sheng et al. 2022). It is obvious to see that two different temperatures in AEMD simulation are set on two regions in contact, rather than on the two separated outer sides in NEMD. Furthermore, unlike the continuous non-equilibrium in NEMD, the AEMD is initially established a transient thermal conduction regime by imposing a temperature different in the left and right regions at the beginning of the simulations. And then the system could reach quickly the equilibrium state during NVE run in just a few tens or hundreds of ps. Fig. 2.5(c) is helpful to describe visually the time evolution of the temperature difference (Palla et al. 2019). In this example, the temperature profile turns into a smooth sinusoidal curve in the left and right homogeneous regions during 100 ps, instead of the initial step-like profile, which is much faster than EMD simulations. Moreover, the authors Claudio Melis et al. have also estimated the lattice thermal conductivity dependence of the crystalline and amorphous silicon on the sample cross section, initial temperature settings and the sample length. It gives the beneficial evidence of the theoretical robustness and numerical accuracy.

Due to the original ballistic phonon transport in AEMD, the thermal conductivity is mostly contributed by the phonons with short mean free paths. In the AEMD simulation, less phonon with long MFP contributes to thermal conductivity, com-pared to NEMD simulations with the same size (Sheng et al. 2022). When the heat carrier MFP are larger than the simulation cell, the size effect need to be taken into account. Hayat Zaoui et al. (Zaoui et al. 2016) found a strong length dependence of thermal conductivity in the AEMD simulations, deriving from an origin the cutoff on the maximum of MFP. In the study of Thuy-Quynh Duong and co-workers (Duong et al. 2019), the length dependence is effectively considered in the thermal conductivity calculation of GeTe 4 . By differ the size of the computational cell, the propagation of heat carriers is at least up to a distance of 6 nm.

Mechanisms and physical properties studied in this work

Definition of stratified water layers near solid/liquid interface

In order to output the specified parameters, the pore region is divided into 100 spatial spherical bins with a thickness of 0.2172 Å from the center to the edge. The property of the interface is characterized correctly with the help of these small bins, especially the fluctuations. The density and the pressure inside of each bin are calculated and averaged. As shown in Fig. 2.6, the density profile of water nanoporous silicon system at 300 K is plotted as a function of distance from the pore center, averaged every 20 ns. According to the density profile, I separated the nanoconfined water into two regions: the core and the shell. The core contains all the water molecules within a distance of 9 Å from the center of the pore. The edge of the core is determined as 9 Å, where the middle value of the second maximum and minimum value is found. The shell corresponds to the region from the edge of the core to the edge of pore 14.48 Å in Fig. 2.6, where the strong fluctuations of the density and two obvious maxima value are observed close to the solid surface. The structural and dynamical properties of water are compared between these two regions.

The density and pressure profiles are calculated from 100 spherical bins with the size of 0.2172 Å. The pressure value is calculated by summing the stress tensor for all atoms in the specific region and divided by the corresponding volume, using the command "compute stress/atom" in LAMMPS. Here, the pressure profile is consist of the values of each bin.

Radial distribution function

The radial distribution functions (RDF) describes the probability of the distribution of particles in space, and then the study of the ordering of matter, and can also be used to describe the correlation of electrons. RDF can be understood as the ratio g(r) of the local density of a molecule ρ 0 with respect to the bulk density ρ s at a distance r around a central molecule, expressed by the following formula:

g(r) = ρ 0 (r) ρ s (r) = n 0 (r) 4πr 2 r × 1 V /N (2.31)
N and V are the total number of silicon atoms in the pore and volume of the pore, respectively. The number of particles contained at dr is calculated by the above equation, and then normalized by the average density of the system (the average number of particles contained in this volume), which gives g(r).

In general, when the particle is far enough from the central particle, the local density of the particle should be equal to the average density of the overall system, thus g(r) ∞ = 1. However, in the study of the confined system, due to the limited size of the system, there are no more particles at a certain distance from the central particle. By calculating the normalization, g(r) decreases gradually for larger r until it becomes 0. Therefore, in this paper, a finite distance is intercepted and normalized again. Only the relative difference is compared in different cases, rather than the absolute value of g(r).

Another parameter derived from RDF can likewise express the local characteristics of the particle distribution, called the coordination number N. It computes the number of atoms around the central atom of compound. The expression is introduced as:

N = 4πρ r 0 r 2 g(r)dr
(2.32) from this expression, it is seen that the coordination number can also be computed by the integration of RDF profile. In this paper, I focus on the RDF of water molecules. I studied the RDF for only oxygen atoms, and only hydrogen atoms separately, finding that their RDF all remain consistent. Therefore, all the RDF studies in this paper are based on the oxygen atoms of water molecules, which is also called partial RDF. It is worth mentioning that, the RDF in this work is studied for water molecules in different regions under the same system, such as the core and shell of the pore. In order to ensure the rationality of the study, the referenced atom is chosen in the specified region when calculating the RDF, and the other atoms surrounded by this atom are chosen from all water molecules in the pore.

Usually there are many post-processing software such as VMD, OVITO, Material Studio, which can calculate the RDF from the particle information output by Lammps. However, due to the special region choice in my system, the calculations of RDF studies are completed through the code.

Mean square displacement and diffusion coefficient

Known from the kinetic energy expression, the thermal conductivity is related to the velocity of atoms. Therefore, the dynamical properties of nanoconfined water are investigated.

The diffusion coefficient is calculated from the Mean Square Displacement (MSD) of the atoms using the Einstein relation (Allen 1987):

D = lim t→∞ 1 6t ⟨|r(t) -r(0)| 2 ⟩ (2.33)
Where r is the position of the atom of a water molecule at time t and D is the diffusion coefficient. The orientation of the water molecules is measured by computing the angle, θ , which is between the radial direction of the oxygen atom (determined from the oxygen atom and pore center coordinates) and the angle bisector of the water molecule.

Hydrogen bond networks

Other structural and topological analysis methods are implemented in the ChemNetworks software package (Ozkanlar & Clark 2014). Hydrogen bond networks can be observed as sub-structures in water (Ozkanlar & Clark 2014). The number of Hydrogen bonds and the geodesic length of the network can be com- 

Density of states

The aim of the vibrational density of states (VDOS) study is to identify possible heat flow channels through the dense water layer close to the solid surface, which might explain the enhanced thermal conductivity of the hybrid nanosystem. Because it is more intuitive, it is more widely used in the discussion of phonon density.

It is obtained via the Fourier transform of the velocity autocorrelation function (VACF) (Owens & Daniels 2013). The system is thermalized at 300 K for 500 ps with Nosé-Hoover thermostat. An average for temporal VACF over the initial time and all the particles in specified group is extracted every 0.01 ps. The Fourier transform is applied to VACF to obtain DOS as following Eq.2.34. After that, the results are smoothed by Savitzky-Golay filter [START_REF] William | Savitzky-Golay smoothing filters[END_REF]. This statistical method provides a better performance for long-time simulation of large systems (Desmarchelier et al. 2020). This chapter focuses on the effect of the temperature on the thermal conductivity of the hybrid solid-liquid nanocomposites based on the silicon crystalline nanoporous matrix. Using Molecular Dynamics simulations, the role of the temperature T (from 285 to 360 K) on the thermal conductivity enhancement of nanohybrid porous silicon and water system is investigated. By studying the mean square displacement, radial distribution functions, density of states and so on, several structural and dynamical phenomena are discussed to give physical point of views of the TC results. Note that molecular Dynamics (MD) simulations are conducted using the open source code LAMMPS (Large-scale Atomic/ Molecular Massively Parallel Simulator) (Plimpton 1995b). The effective thermal conductivity is computed using Equilibrium Molecular Dynamics (EMD) methodology.

DOS(ω) = ⟨∑ i ϑ i (t 0 ) • ϑ i (t 0 + t)⟩ ⟨∑ i ϑ i (t 0 ) • ϑ i (t 0 )⟩ e -2πiωt ( 

Simulation details

The configuration is determined firstly. Then the system is built by defining the force field, the environmental factor, the boundary conditions, etc. In the following subsections, the details about the simulation methods are provided.

Determination of the configuration

The bulk system, the most simplest cubic system, is regard as the basic model for study. According to the lattice constant of silicon a 0 = 5.43 Å, I generated firstly the bulk crystalline silicon system with dimensions of 8a 0 × 8a 0 × 8a 0 (a 0 = 5.43 Å), which corresponds to a cubic sample of 43.4 Å size length. And then, a sphere of atoms within a radius of 14.48 Å is extracted from the simulation box center to finally catch a porosity of 15.51%. The dry nanoporous crystalline silicon system is obtained. For immersing the water molecules, a spherical volume of water with the same radius size of the pore is considered. The water molecules are set to be 'crystalline-like' with a lattice constant of a w 0 . In the study of temperature dependence, the a w 0 is equal to 3.1 Å to obtain the desired density of water of 1 g.cm -3 .

From this configuration, the porosity is introduced by removing a sphere of atoms from the center. Some authors (Mirmohammadi et al. 2018;Van Norren et al. 2009) observed that above a porosity of 15%, the measurement of thermal conductivity exhibits large fluctuations which is not the case at low porosity level. This is attributed to the dominating role of boundary effect over phonon scattering.

In this chapter, the temperature dependence of thermal conductivity in the ranger from 285 K to 360 K is investigated, in which range the bulk water molecules stay in the liquid state. The target temperatures for equilibrium T eq are set to six values of 285, 300, 315, 330, 345 and 360 K. For each set of parameters, at least six parallel simulations with different initial velocities, which is adjusted by the random number of seeds in LAMMPS, have been performed to decrease the uncertainty of the results. Fig. 3.1 summarizes the simulated configurations. Fig. 3.1 (a) shows the dimensions of the dry nanoporous crystalline silicon from the front of view. In Fig. 3.1(b) and (c), the crystalline water is initially introduced inside of the nanoporous silicon. Then after equilibrium shown in Fig. 3.1(d), it is observed that the water molecules aggregate in groups within the confinement of the pore, and keep rotating inside the pore. The water molecules gather inhomogeneously inside the pore, instead of spreading evenly. These snapshots are produced using the post-processing visualization software OVITO (Stukowski 2009).

System equilibrium and characterization

All the configurations studied here are simulated under periodic boundary conditions. First of all, the velocity of each atom is initialized using a Maxwell-Boltzmann distribution set by different random number of seeds. Then, the system is relaxed in the NVT ensemble for at 10 K, and at the temperature T eq for 200 ps for each temperature. Verdier et al. (Verdier et al. 2016) successfully obtained relaxed nanoporous crystalline silicon following this method. Finally, a NVE run is imposed during 70 ns for producing the equilibrium run to compute the thermal conductivity using EMD method (introduced in Sec.2.3.1). The thermal conductivity of nanoporous silicon system with the confined water evolved by the time at 300 K is shown in Fig. 2.4.

The TC data displays a strong fluctuation at the beginning of the simulation becaused of NVT ensemble application. At about 45 ns, the system tends to the 
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Temperature vs Thermal conductivity

The thermal conductivities of (a) crystalline silicon, (b) bulk water and (c) dry and wet nanoporous silicon system are depicted in Fig. 3.2 within the temperature range: 280 to 360 K. For comparison, the effective medial approach (EMA) is also introduced in the figure to estimate the thermal conductivity. Several repetitions for each temperature provide the results much good statistics and acceptable uncertainty of less than 2%. The general calculation for the mixture thermal conductivity. For comparison, the thermal conductivity with EMA model has been estimated with the Eq.3.1. In addition, the thermal conductivities of bulk water calculated here and taken from experimental data (Nieto de Castro et al. 1986) are plotted for the same temperature range in Fig. 3.2.

First of all, for silicon, the recommended curves from reference in the tem- (Callaway 1959). To present, studies on the thermal conductivity of monolithic silicon have been well established. From 1960s, many authors have conducted experiments and proposed analytical models to explore the variations of thermal conductivity of bulk silicon as a function of temperature. At low temperature region below 30 K, bulk silicon increases with the temperature augment, until reaches a maximum value of 5500 W/(m•K) at 30 K (Asheghi et al. 1998;Touloukian 1970). Above 30 K the thermal conductivity of bulk Si decays gradually with raising temperature (Kazan et al. 2010).

For the bulk water, from the middle panel, the thermal conductivities under SPC/E model are calculated, and took experimental data from Ref. (Nieto de Castro et al. 1986). Both of them display an increasing trend with the temperature augment. The result here illustrates a general trend of thermal conductivity of water at low temperature range. This dependence on the temperature is a common behavior for liquid systems, which could easily be found in other liquids such as oil (Keblinski et al. 2005), ethylene glycol or methanol (Guevara-Carrion et al. 2008). Note that at approximately greater than 600 K, the TC of water shows a opposite trend (Römer et al. 2012)), that a decline of TC with higher temperature. The thermal conductivity simulated in this study under the SPC/E model is 0.87 ± 0.051 W/(m•K), 20% higher than the experimental value of about 0.61 W/(m•K) at the room temperature (298 K) (Nieto de Castro et al. 1986;Abdulagatov & Azizov 2005;Huber et al. 2012). The comparable values from previous reports are shown in Table 3.1. For example, the thermal conductivity of the bulk water simulated in this study under the SPC/E model is 0.87 ± 0.051 W/(m•K) at 300 K, while the experimental value is about 0.61 W/(m•K) at the room temperature (298 K) (Nieto de Castro et al. 1986;Abdulagatov & Azizov 2005;Huber et al. 2012). It proves that our results have a good agreement with previous reported values under the same model (Zhao et al. 2020).

Then, I focus on the thermal conductivity of solid liquid hybrid system in the Fig. 3.2(c). Firstly concerning the result for the dry nanoporous silicon, the thermal conductivity for each temperature is about 7 W/(m•K), an order of magnitude smaller than the one of bulk crystalline without the pore. The pore addition has a strong effect on the bulk silicon. In nanoporous systems, the boundary scattering is
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the predominant scattering event being responsible for the reduction of the thermal conductivity (Ong & Pop 2010) compared to the bulk value. The thermal conductivity of dry nanoporous silicon is strongly related to the phonon scattering at the pores surfaces. In addition, the result almost stays constant on the average value of 6.9 ± 0.11 W/(m•K) for different temperature, meaning that the TC for dry sample is independent on the temperature.

For the wet nanoporous silicon system, MD simulations are used. It is found that an increase with temperature from 285 K reaching a maximum at 300 K, then a decline from 300 K reaching the same value as the dry system for temperatures greater than 345 K. A well known method to calculate the effective thermal conductivity of porous matrix with inclusions is developed, called the 'Effective Medium Approach' (EMA). It permits to evaluate easily and fast the thermal property of 3D porous media, taking into account the porosity and interfacial thermal resistance . It performs as a excellent reliable approach on the macroscopic (Hui et al. 1999). It helps us to understand the inherent factors affecting the thermal conductivity of solid liquid hybrid system. Ref (Nan et al. 1997) provides a general expression of EMA. Based on the silicon solid matrix and the confined liquid water, the expression of k EMA e f f is deduced as follows:

k EMA e f f = k m Si k b H 2 O (1 + 2α) + 2k m Si + 2 f v [k b H 2 O (1 -α) -k m Si ] k b H 2 O (1 + 2α) + 2k m Si -f v [k b H 2 O (1 -α) -k m Si ] (3.1)
where k m Si and k b H 2 O represent the bulk TC of crystalline Si matrix and bulk water, f v is the porosity of system, while α is a dimensionless parameter defined as:

α = R Si/H 2 O K k m Si /r (3.2)
here the r is the radius of nanoinclusion and

R Si/H 2 O K
is the Interface Thermal Resistance (ITR) (or Kapitza resistance) between silicon and water. From this expression, it is easily known that the most important parameters for TC is the TC of silicon matrix and water, and the ITR between them. In general, the TC of bulk silicon is taken as about 150 W/(m•K) at ambient temperature (Fang et al. 2006). But in this framework, the pore present in the silicon matrix are so small enough to achieve the nanoscale. It induces that the mean free path of bulk crystalline silicon which is of the order of hundreds nanometer (335 nm (Yang & Dames 2013)) is too large compared to the pore size (1.448 nm). So I borrowed from Minnich and Chen model (Minnich & Chen 2007) to express numerically the impact of pore. So the matrix thermal conductivity is deduced as: where the k b Si is the TC of bulk silicon, the l MFP is the phonon mean free path in the matrix, the ξ represent the specific surface area of the pore defined as ξ = S pore /V s , S pore is the surface area of pore, the V s is the volume of the simulation box.

Here, the k b Si is caught from Ref. evaluated by EMD for bulk silicon at different temperature using S-W potential [START_REF] Henry | [END_REF]. The l MFP is estimated as 460 ± 20 nm as (Isaiev et al. 2020). By calculating the Eq.3.3, the final k m Si is taken from 8.8 to 5.1 W/(m•K) in the studied temperature range. The k b H 2 O is calculated in this study shown in the Fig. 3

.2. The R Si/H 2 O K
is deduced as 6.8 × 10 -8 K•m 2 /W, from the heat flux provided in Ref. [START_REF] Pham | Molecular dynamics simulations of Kapitza length for argon-silicon and water-silicon interfaces[END_REF]. The interfacial resistance, regarded as the kapitza resistance, is introduced by its similar term Kapitza length. Murat Barisik et al. (Barisik & Beskok 2014) calculated the Kapitza length as a function of the temperature, showing a mild dependence of Kapitza length on the temperature. Similarly, it is clear that the R Si/H 2 O K could be considered as a constant in a small range of temperature variation. So the R Si/H 2 O K is deduced as 6.8 × 10 -8 K•m 2 /W , from the heat flux provided in Ref. [START_REF] Pham | Molecular dynamics simulations of Kapitza length for argon-silicon and water-silicon interfaces[END_REF].

As a result, the TC using EMA is shown in Fig. 3.2(b) by the black dashed line. The effective thermal conductivity of the wet nanoporous silicon calculated by EMA is constant around 7 W/(m•K) in the studied temperature range.

Except for EMA model, well-known model called Maxwell-Eucken model (ME) is also introduced here, which assume that the dispersed component intrudes randomly and uniformly in the continuous phase component or in the opposite situation (Hashin & Shtrikman 1962). Note that it is not a function of the temperature. For our case, the continuous phase of water is immersed in the dispersed silicon particles. So using this model, the thermal conductivity of nanoporous silicon with the confined water is evaluated as

k ME e f f = k b H 2 O 2k b H 2 O + k b Si -2(k b H 2 O -k b Si )(1 -f v ) 2k b H 2 O + k b Si + (k b H 2 O -k b Si )(1 -f v ) (3.4)
I substituted the value of 150 W/(m•K) for k b Si as mentioned above, and the MD value of 0.87 W/(m•K) for k b H 2 O , in comparison to the experimental value of 0.61 W/(m•K) for the bulk water. The thermal conductivity of the present sample at 300 K is calculated to be 14.09 W/(m•K) using EMA model, and 10.08 W/(m•K) using ME model. The result shows bad agreement with our MD result.
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Consequently, it is concluded that the macroscopic theories and models for thermal conductivity apply no longer properly to the case of solid liquid hybrid nanoporous system.

Going back to the results in Fig. 3.2(c), the thermal conductivity of the wet nanoporous silicon shows an increase from 9.30 W/(m•K) at 285 K, and reaches a maximum value of 11.18 W/(m•K) at 300 K. The enhancement percentage of the effective thermal conductivity as a function of the temperature is also depicted. The enhancement at this temperature window of 285 K to 300 K is the order of 40 %. The enhanced thermal conductivity of the wet samples has been simulated recently (Isaiev et al. 2020) and there are evidences of thermal enhancement of solid-liquid systems experimentally (Lishchuk et al. 2015). Then the TC decreases from 300 K, and for the temperature greater than 345 K, the thermal conductivity becomes independent of the presence of the water.

How to understand the TC results of nanoporous silicon system is particularly important. The water addition is the main reason for the enhancement of the TC of the dry system. And when the temperature increases, the movement of liquid molecules becomes much vigorous, leading to the initial augment from 285 to 300 K of TC. The decrease of TC after 300 K might be due to the boundary scattering which dominates over phonon-phonon umklapp scattering.

A consideration from multiple aspects to address the observed phenomenon is taken here. As demonstrated in the previous study (Isaiev et al. 2020), the liquid density fluctuation close to "solid/liquid interface" causes the layering effect, which inducing a significant difference for more than two folds of thermal conductivity of pristine porous silicon and "porous silicon liquid -composite".

On the other hand, the thermal conductivity of a solid material is controlled by the heat capacity, the average velocity and the Mean Free Path (MFP) of phonon (Yang & Dames 2013). In the high temperature range, the heat capacity is less affected by temperature, so the sensitivity of the average velocity and MFP to temperature is interpreted critically in some models. Furthermore, in the Fig. 3.1(c), the water molecules exhibits an uneven distribution in the pore. The change in local density and pressure is possible to incite the phase transition of water, which is likely to cause surprising changes in TC. Therefore, from several considerations, the structure and dynamical properties of water molecules are studied in the following subsections. Figure 3.3: Density and pressure profile of nanohybrid water-nanoporous silicon system as a function of distance from the center of the system to the edge along radial direction. The center of the system is set as the zero point. To simplify the figure, the part from 15 Å to the edge of the system is omitted, where there isn't any water molecules inside. All of profile are averaged over 200 ps and output at 60 ns of simulation.
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Density and pressure profiles

The primary study to understand thermal conductivity results, is the investigations of the interfacial structure. The local density and pressure along the radial direction of the pore are analysed. The profiles of water from the center to the edge of the interface are calculated and shown in Fig. 3.3. The density changes dramatically at the 0 Å position, and the variation in the central region from 0 to 9 Å can be approximated as fluctuating around a desired density value 1 g/cm 3 . Then, there are several extreme values observed near the solid/liquid interface, including three maxima and two minima. This is a phenomenon already observed at solid/liquid interfaces at atomic scale (Yu et al. 2018b). And then, near the edge of pore, few value of density is observed revealing that just some water molecules penetrate through the edge of the pore into the silicon matrix. For large distance, when the distance is greater than 15 Å, no water molecules is found, with the vanish of density value to zero. This phenomenon is also observed in the Fig. 3.1(d).

In the density profiles, the depth of the minimum decreases with increasing the temperature is also observed. It is expected that the thermal agitation becomes severe when the temperature is raised. To depict numerically the dependence of the density peaks with the temperature, the values of high peak and low peak marked in Fig. 2.6 are plotted in Fig. 3.4 gives the density peak values, as well the interface thickness. With the temperature increases, the high peak value changes slightly, but the low peak shows a increasing trend. The averaged shell thickness is calculated to be 4.76 Å. The peak values shows a linear variation with temperature, changing from about 0.65 to 1.25 g/cm 3 .

The pressure profiles in Fig. 3.2 exhibits the internal pressure of water molecules in each chosen bin (a sphere with the thickness of 0.2172 Å) given by the two neighbor bins. The figure unfolds a clear comparison between the density and pressure. The region with the higher pressure given by the adjacent bins corresponding the lower density, and vice versa. In additions, it reveals a remarkable change in the interface position in the range of 1 to 5 kbars. Referred to the phase diagram of water (Chaplin 2015;Arsiccio & Pisano 2020), there is no phase transition in 1-5 kbar pressure range.

Radial distribution function

The Radial Distribution Functions (RDF) is a concept frequently used in statistical physics of equilibrium states, where microscopic physical states can be correlated with macroscopic physical quantities through the calculation of Density The RDF of bulk water, and water in the core and shell for two different temperatures (300 K, 360 K) are depicted in Fig. 3.5 to check for definitive phase transition of water. The position of the first neighbor peak for both the bulk water and confined water locates around 2.75 Å. Meanwhile, it has no significant change for the core and shell water molecules compared to the bulk water and then it is temperature independent. It is necessary to notice also here that the RDF for confined water decays gradually to 0 from 7 Å until the edge of pore (omitted in the figure). It has already been observed in previous studies that RDF for nanoconfined liquids don't attend the value of 1 as anticipated for bulk liquids (Giovambattista et al. 2006;Da Silva 2014). Another argument worthy discussing is that the temperature effect on the density of the g(r) and the Structural characteristics of water in different regions (core and shell) inside the pore.

The higher temperature induces the decrease of the intensity of the RDF peak by 10%-15%. Different temperature has the same effect on both core, shell and bulk water without changing the distance of first peaks. The first peak for both core and shell appears near 2.7 Å, in agreement with bulk water. Within a short area (under 3 Å), the water in core shows a same distribution with bulk water. Rather in the shell, more water molecules gathers together which becomes more pronounce as the temperature rises. For the shell water molecules, the RDF is almost double 
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than one in the core, meaning that the shell molecules are much more ordered and this persists even at higher temperatures. The reason for this has to do with the greater water density in this region. The discrepancy gets more important for the shell water molecules compared to the core ones. The RDF at higher temperatures (360 K) contains the similar observation but it is less evident.

By computing the coordination number of atoms around the central atom, called the coordination number, I can more clearly distinguish the distribution of water molecules at different locations and temperatures. The result is shown in Fig. 3.6. The zoom figure shows that the values of the coordination number of the core and the shell begin to differ at the position of first peak. For long distance, higher number of water molecules gather in the shell than the ones in the core.

Based on these results, a brief research about RDF of different states of water has been done, to clarify the generation of phase transition. The radial distribution functions of oxygen-oxygen atoms of water molecules under different states are shown in Fig. 3.7. At this point I tried to comment on the possible phase transition. From Fig. 3.7(a) (Chialvo & Cummings 1994), it can be seen that the RDF for gas-like atoms would be accompanied with a much broaden first peak and then a constant value attending to 1 for long distance, rather than multiple peaks for bulk liquid water. Fig. 3.7(b) displays an quite obvious comparison with ice, which shows discontinuous intermittent changes (Sharp 2001). In consequence, a possible ice formation is also removed. Another special state of water which has the potential to perform a compact structure is amorphous ice. From the Sec.3.2.2, I has discussed that the studied range of pressure in the pore in our study is from 1 to 5 kbar (100-500 MPa). So I consulted the study on the RDF of amorphous ice at different pressures during isobaric cooling cycle from Ref. (Duki & Tsige 2018). In the Fig. 3.7(c), it is observed that the RDF for amorphous ice reflects a significant change in the second nearest neighbors of the oxygen atoms. Moreover, the greater the pressure, the deeper the drop. This kinds of behaviors has been detected for liquid water. To sum up, we conclude that no phase transition is observed in our system further with no powerful effect on thermal conductivity under the temperature changing in the range of 285-360 K.

Velocity and motion displacement

Thermal conductivity depends on velocity and motion displacement in a sense that in general the enhanced motion of liquid enhances the thermal transport value (Ju & Yang 2018;Sachdeva 2009). To check the effect of the motion of the nanoconfined water on the thermal properties, the Mean Square Displacement 
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(MSD) was studied, further with estimating the diffusion coefficient. The diffusion coefficient is obtained using the slopes of MSD profile. Using the mean square displacement (MSD) to describe the water molecule motion, the results of MSD are shown in Fig. 3.8. For 285, 300, 360 K, it is observed that the water molecule shows the same shape of displacement. Before 200 ps, an approximate linear variation of the MSD profile appears. Then, the profiles vary slowly to attend a saturation between 300 to 1000 ps, depending on the temperature. After 1000 ps, the MSD profiles for all the temperatures become flat systematically to the value of about 232 Å 2 , which is easily to observe that this value is independent of the temperature. To sum up, it is said that under the sufficient confined size, the MSD profiles of water are no longer linear to delay time over the long term. Mosaddeghi (Mosaddeghi et al. 2012) also observed the similar platform for the MSD of the nanoconfined water between parallel graphite plates, which occurs only when the inter-wall distance minus 7 Å. This kind of anomalous diffusion has already discussed by other researches and among them, Vincent Tejedor et al. (Tejedor et al. 2010) have introduced an exponent α to well express the motion of atoms. It is redefined the relation of MSD and diffusion coefficient D in Eq.2.33, expressed as:

MSD = 2NDt α (3.5)
where the N is still the dimensions. So the time required to implement MSD accords to the power law relationship with MSD (Chubynsky & Slater 2014). Based on this power law relationship, the diffusion state is characterised by comparing the value of α with 1, in details: α>1 for superdiffusion, α<1 for subdiffusion, α=1 for normal diffusion, and α tends gradually to 1 for confined diffusion. So the log-log of MSD is plotted in the Fig. 3.8 to express schematically α, as well as the linear fitted lines. The diffusion coefficients are calculated from the intercept of these fitted lines, and reported in Table .3.2 with the slope of the curves.

The value α ≈ 1 indicates a classical Brownian motion at the first 100 ps. Furthermore, the slopes before 50 ps of MSD profile show a strong dependence on the temperature. With the temperature increasing, the slope becomes larger with the faster movement of water. And then, a decline of the slope decrease starts with the time until about 200 ps, after that stabilizes and remains to zero. It is the symbol of a non Brownian diffusion, attributed by the confined geometry. A similar diffusion has been reported in the study of S. Chakraborty (Chakraborty et al. 2017). It is found that when a single line of water molecules are confined inside a short, open-ended carbon nanotubes, they move collectively as a single unit because of the presence of strong hydrogen bonding between adjacent water molecules. A normal simple one-dimensional random diffusion is presented here, called Fickian diffusion [START_REF] Mukherjee | [END_REF]).

In Table .3.2, the simulated diffusion coefficients of the nanoconfined water in a pore with radius of 14.48 Å is of the order of magnitude of 10 -9 m 2 •s -1 . The values increase from 0.20 Å 2 /ps at 285 K, to 0.58 Å 2 /ps at 360 K. So the diffusion coefficient is enhanced by the augment of the temperature. In the case of bulk water, the value of 0.16 Å 2 /ps at 276 K and 0.23 Å 2 /ps at 290 K demonstrate the same growth trend (Qvist et al. 2011). Compared the nanoconfined water with the bulk water, it is concluded that The effect of temperature on the diffusion coefficient of nanoconfined water is greater than that of bulk water. Note that the finite size effect of diffusion [START_REF] Yeh | System-size dependence of diffusion coefficients and viscosities from molecular dynamics simulations with periodic boundary conditions[END_REF]) doesn't take into account. Moreover, it is also possible that the diffusion of particles in the confined area has the directional character of the confined area (Cui 2005). It will be expected that different characteristics compiled by MSD can be found in radial and tangential directions in the spherical pore. This can be carried out in follow-up studies.

Orientation of water molecules

The hydrogen bond, as the most important bond in the water molecule, confers many unusual properties to the water molecule. The strength, density and distribution of H-bonds might affect seriously on the scattering of phonons and then on thermal conductivity. So in the following paragraph, the orientation dynamic, the density and geodesic length of H-bond network are carried out.

To explore the translational and rotational states of water molecules, the orientation of H-bonds angle between between the molecular dipole moment and the radial direction of oxygen atom from the same water molecule, is studied under different temperature, shown in Fig. 3.9. The angle degree conforms to Gaussian distribution with the mean over 90°for both core and shell. Compared them, it reveals that oxygen atoms closer to the interface have a stronger preference for silicon while remaining almost independent of temperature, being less free to spin than the inner molecules. It is related to the van der Waals force between O and Si atoms. The most likely angle between radial direction and the angle bisector of hydrogen bond in the center and shell region, are 92.24°and 94.27°, which occur with the possibility of 0.86% and 1.17%, respectively. This phenomenon appears to be independent of temperature, at least for the core molecule, and for the molecules in the shell, a slight decline is observed in the peak with increasing temperature, which seems reasonable considering that temperature increases thermal agitation.

Hydrogen bonds network

ChemNetworks is considered as a post-processing package of LAMMPS in this study, to provide topological analysis of H-bonds networks. The averaged number of water molecules connected with a central water molecule through hydrogen bonds as a function of temperature are shown in Fig. 3.10. The data in core, shell and in the both of them, is compared with bulk system with the aim of illustrating the dynamic behavior of the resulting intermolecular network. The first figure for analyzing all H-bonds in the pore, displays the large concentration of waters with the variation trend of H-bonds. For example, at 300 K, no zero number is observed, Figure 3.10: Hydrogen bonds (water water H-bonds) distributions for different temperatures in different region in the pore contributed from the interaction of water and its neighbor water molecules within 10 Å. From the top to bottom of the figure, the region studied are the whole pore (all waters in the core and shell),the core and shell. 
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accompanied by few number of independent water molecules. Then a large number of network are interacted through 2, 3 and 4 H-bonds, consequently 3, 4 or 5 water molecules connect together. The distribution of H-bonds for bulk water at 300 K reveals that 8 % for 1 H-bonds, 23 % for 2 H-bonds, 38 % for 3 H-bonds, 26 % for 4 H-bonds and minus 1 % for 0 and 5 H-bonds, agreeing very well with SPC/E sites in other references (Wang et al. 2014;Ozkanlar & Clark 2014). At 360 K, the majority of H-bonds (3, 4, 5 H-bonds) decrease, with conversely the proportion of more independent H-bonds (minus 2 H-bonds) increases. Also a higher value of almost 9 % for 0 H-bonds is observed obviously, which means more isolated water molecules are found at higher temperature. That signifies that the raising temperature isn't conductive to the formation of much dense hydrogen network.

For nanoconfined water, similar trends for 285, 300, 360 K that at each temperature high densities value for 2-4 bonds, smaller values for shorter 0-1 and larger 5 H-bonds are discovered. That corresponds the designated criterion for the H-bond defined in the Sec.2.4.4, under which the unphysical over-coordination (more than 5 H-bonds) are prevented. The reference state that has been utilized is a "perfect" network wherein each H 2 O has exactly 4 H-bonds, as in prior work (Speedy et al. 1987). At 300 K, the distributions show less isolated H-bonds and about 5 % higher distributions than 285 K (10 % higher distributions than 360 K) for 4 bonds. It could be roughly concluded that a much probable "perfect" network is found at 300 K though hydrogen bonds network, meaning that the greater Hbonds distribution value, leading to the greater thermal conductivity. Then as temperature increases, the percentage of hydrogen bonds formed with a small number H-bonds increases, which indicates that the distance between the intermolecular hydrogen-oxygen bonds gradually increases and the molecular forces decrease.

To further analyze of the H-bonds distribution of different region in the pore, a comparison of observation data from center and shell is shown in the Fig. 3.10(b) and (c). Obviously, there are more isolated water molecules in the core. That proves that the water in the core is occupied with less water molecules in the neighbor, which hinder the propagation of heat. Compared with the core, higher number of H-bonds are found in the shell. a more stable hydrogen bonding network is formed, in favour of the heat propagation.

In Fig. 3.11, the dipole angle distributions α of bonds O-H-O between two water molecules for bulk water and confined water at 285, 300, 360 K are shown. It is attempt that the librational motion of H-bonds can be understood by the variation of dipole angle. It is widely believed that the motion in water, especially the librational motion, induces the noticeable breakage and reforming of H-bonds in a short time scale (Ozkanlar et al. 2014). So it is proved that the librational motion is the primary cause for the disruption of short H-bond persistence on a subpicosecond timescale (Luzar & Chandler 1996;Ozkanlar et al. 2014). The most likely location for water molecule adsorbed by another is found for angles in the range of 160°to 170°. With the temperature increased, the distribution of angle is a little shifted to lower value. The grade of connectivity within the H-water network was evaluated by analysis of geodesic length, shown in Fig. 3.12. As observed in Fig. 3.12(a), the distribution of gd's in the bulk water is mainly Gaussian in shape, with a peak at 8, an average length of 12. Under different temperature conditions, the gd profile for temperature less than 300 K has a normal and narrow distribution of geodesics centered around the mean value of 9 H-bonds. From 315 K to 360 K, the distributions become much broader with significant populations of geodesics of length greater than 10 meaning that more contiguous hydrogen bonded paths are promoted. The same results in Fig. 3.12(b) are also equally applicable for water molecules in the core and shell, respectively.

With the measurement of euclidean distance, the hydrogen bonding network can be depicted more graphically, as illustrated in Fig. 3.13. For 300 K, an average euclidean distance having 9 H-bonds for confined water is of 18 Å. Therefore, that means each water molecule is connected to other water molecules through 9 contiguous H-bonds from 18 Å away on average. At 285, 300, 360 K, the most distant water molecules are each connected by 15, 14, 18 continuous H-bonds on average, respectively, making them near 28 Å apart. The extension over Euclidean space increases with the number of contiguous H-bonds as well as temperature dependant. It is reflective of the complexity of the H-bond network, where the shortest H-bond pathway with longer gd length between waters can be circular ring, an extended or twisted chain, or a mixture of the two in complex three-dimensional shapes.

Density of states

Phonon density of states (DOS) of the nanoporous silicon and the water confined in hybrid nanoporous materials are shown in FIG. 3.14. The aim of the DOS study is to identify possible heat flow channels through the dense water layer close to the solid surface, which might explain the enhanced thermal conductivity of the hybrid nanosystem.

Similar to the bulk silicon, the DOS for nanoporous silicon with water exhibits two peak value at about 6 THz and 17 THz. Because of the solid-liquid interaction, a red shift of the transverse optical peak of the silicon atoms compared to the bulklike silicon, secondly an hybridisation of the optical and acoustic longitudinal peaks (second and third peak) as something that has been observed previously on other systems for the surface atoms of silicon (Verdier et al. 2018) and finally a softening of all modes.

Compared to the bulk water, confined water has a higher value at low frequency. It follows that the density of states of confined water has a lower peak value at lower frequency. Moreover, there is a softening of the modes at higher frequencies corresponding to the longitudinal peak of silicon, and furthermore a creation of an extra DOS change for the nanoconfined water compared to the bulk water at around 6 THz which is at the same window frequency as the transverse acoustic silicon atoms modes. Fig. 3.14 gives also the comparisons of density of states of solid-liquid nanohybrid system under different temperatures. For water molecules, phonons with high frequency in the librational modes contribute the most to heat transfer (Yu & Leitner 2005). In this figure, a higher temperature induces a higher value of DOS in low frequency range for water. Meanwhile, a redshift appears clearly with the temperature decline. It has been reported that the critical decline of the high frequency phonons gives a good contribution to the reduction of the thermal conductivity. Conversely, a high value is observed in the figure around 15 THz, verifying a higher thermal conductivity. B. Kim [START_REF] Masuduzzaman | Scale effects in nanoscale heat transfer for fourier's law in a dissimilar molecular interface[END_REF] studying the confined water between solid wall in the nanochannel, defined the wettability through the integral ratio of the interfacial liquid and solid DOS, shown in Fig. 3.15. A higher ratio implies a greater overlap between the spectra, and a higher wettability, this stronger vibrational coupling results in reduced interfacial resistance and enhanced heat transfer. But in our study, no change was found in this ratio with temperature, which may means that the vibrational coupling of water molecules in the nanopore less depends on the temperature.

What we can conclude from this figure is that the modification of the DOS of the hybrid system is in the direction of expanding the area where the DOS for the silicon and the water overlap. Qualitatively this increase of the common surface support the idea that the heat can travel easier between the solid and the liquid as their DOS are modified respectively in a way to create heat flux channels. It is also worthy noticing that our water DOS has similar shape as those of other hydrophilic surfaces in the literature, such as hydrophilic peptide (Russo et al. 2011).

Conclusions

In this chapter, an enhancement of the effective thermal conductivity of wet nanoporous samples at different temperature is evaluated here. The underlying mechanisms are related to the stratification of the water molecules at the vicinity of the solid/liquid interface. This enhancement is much more important than the one that can be predicted by using macroscopic effective models. Furthermore, a maximum of the thermal conductivity of the solid/liquid nanohybrid system at 300 K was observed at first time, which vanishes for temperatures greater than 345 K. To understand this non-monotonic behavior, several structural and dynamical properties of the nanoconfined water, separated in a core water molecules (bulk-like) and shell water molecules (dense water layer close to the solid/liquid interface) have been studied numerically.

Density and pressure profiles helps to understand the structure near the interface. The water molecule density followed a stratification effect close to the solid interface and the water density fluctuations decreased in increasing the temperature. The average value of density of the maximum peak is around 1.15 g/cm 3 and this does not change with the temperature. In contrast, the value of the minimum peak at 285 K is 0.7 g/cm 3 and it increases with the temperature reaching the value of 0.85 g/cm 3 at 360 K. Furthermore, secondary peaks disappear in increasing the temperature. Nevertheless, the density variations cannot be connected to the maximum effective thermal conductivity at 300 K, as this variation is rather monotonic. Then with RDF analysis, it is advised to think about more physical insights concerning the maximum of the effective thermal conductivity: At 300 K the shell water molecules is much more ordered than the ones in the core.

On the other hand, dynamical features such as the mean square displacement and the diffusion coefficient showed a saturation of movement over a long period of observation. An uncorrelated Brownian motion of nanoconfined water is observed at the beginning of the observation, followed by a confined diffusion. The diffusion coefficient shows that nanoconfined water depends more strongly on the temperature than the bulk water. Concerning the orientation of water molecules, It is observed that oxygen atoms close to the solid/liquid interface are more rigid compared to the inner water molecules, but this phenomenon is independent of temperature. The hydrogen bond networks study for nanoconfined water reveals that the majority of molecules preserves similar networks to the bulk water and that the temperature does not have a systematic effect on the H-bond networks. The overall distribution of the number of long hydrogen bonds for the shell is much more than the one for the core. More connections of networking in the shell might be correlated to our remark that the high density water layer close to the solid/liquid interface has potential to cause the higher thermal conductivity of hybrid nanosystems. This conclusion is also supported by the tendency of water molecules to create shorter networks in increasing the temperature, corresponding to the decrease of the effective thermal conductivity of the hybrid nanosystems upon increasing the temperature. The geodesic length profiles of the nanoconfined water for temperature less than 300 K is a bit shifted compared to the bulk water to higher geodesic lengths, having a quite narrow distribution. For temperatures higher than 315 K, the distributions became much broader, with significant population of geodesic lengths greater than 10. The shell water molecules behaved more contiguous than the core molecules. Last but not the least was that the DOS of the silicon pores atoms and the nanoconfined water molecules increased their juxtaposed areas and this qualitatively means that new heat flux channels are established between the solid matrix and the nanoconfined water, but without explaining the maximum of the thermal conductivity at 300 K.

To sum up, I give physical insights of the observed phenomena with structural and dynamical aspects. Only a small amount of evidence explains the maximum value of thermal conductivity at room temperature. It is known from the hydrogen bonding network that, water molecules can have an impact on the thermal conductivity with their minor structural changes at different temperatures. However, this also demonstrates the complexity of confined water molecules at the nanoscale. In the future study, the solid-liquid hybrid system can be explored with the help of more complex models and research methods in a greater depth.

Synthesis of the Chapter

• An enhancement of TC is evaluated.

-Nanoconfined water contributes to a remarkable enhancement to TC. -A surprising maximum value of TC of nanoporous silicon with the confined water is found at room temperature (300 K), which cannot be predicted using macroscopic effective models.

• Density and pressure profiles provide a deep understanding of nanostructure near the interface.

-A stratification effect is observed close to the solid interface -The maxima peaks do not change with the temperature, but the mimima peaks show a monotonic variation with the temperature.

• At 300 K the shell water molecules are much more ordered than the bulk water, also than the ones in the core.

• The dynamical properties of the water molecules inside the pore are investigated.

-The water molecules move in the core, showing an uncorrelated Brownian motion at the beginning of diffusion. -And then, it is followed by a saturation of movement over a long period. -The nanoconfined water depends more strongly on the temperature than the bulk water.

• According to the radial angle of dipole moment of the water molecules, the oxygen atoms near the interface are much more rigid than the inner ones.

• The hydrogen bond networks reveal the effect of the localized interaction of hydrogen bonds on the TC.

-The water molecules create shorter networks, corresponding to the decrease of the effective thermal conductivity in increasing the temperature. -More connections of networking in the shell might signify that the high density water layer close to the solid/liquid interface has potential to cause the higher TC.

• The juxtaposed areas are increased for the DOS.

-The new heat flux channels are established between the solid matrix and the nanoconfined water, and -A higher value of DOS at high frequency verifies a higher value of TC, but cannot explain the maximum of TC at 300 K. This chapter focuses on the effect of the initial water density (also called the effective density) on the thermal conductivity of the hybrid solid-liquid nanocomposites based on the silicon crystalline nanoporous matrix. Using Molecular Dynamics simulations, the role of the effective density (from 0.1 to 1.2 g/cm 3 ) on the thermal conductivity enhancement of nanohybrid porous silicon and water system is investigated. By studying the mean square displacement, radial distribution functions, density of states, several structural and dynamical phenomena are discussed to give physical point of views of the TC results. The effective thermal conductivity is also computed here by using Equilibrium Molecular Dynamics (EMD) methodology. The same dimension of the bulk crystalline silicon with dimensions 8a 0 × 8a 0 × 8a 0 (a 0 = 5.43Å) has been generated, which corresponds to a cubic sample of 43.4 Å size length. The porosity of the studied system is set to 15.51%. The water molecule is constructed as a simple cubic structure at the beginning of the modeling. The effective density of water ρ e f f , is the averaged density of water in the pore. It is controlled by the initial distance of oxygen atoms d O-O as:

ρ e f f = M H 2 O V H 2 O = 18 4 3 πd 3 O-O (4.1)
where M H 2 O is the molar mass of the water. It is adjusted from 0.1 to 1.2 g/cm 3 . The configurations are displayed in Fig. 4.1 with the details listed in the following table . For each set of parameters, six simulations with different initial conditions have been performed to decrease the uncertainty of the results.

In the Fig. 4.1, according to the set density, different numbers of water particles formed as a sphere are dropped into the porous silicon. The radius of the pore is always 14.48 Å to obtain the same porosity.

System equilibrium and characterization

The velocity of each atom is initialized using a Maxwell-Boltzmann distribution, relaxing the system in the NVT ensemble for 200 ps at the temperature T eq . Then, a NVE run is imposed during 70 ns where the thermal conductivity is computed using EMD method (see section 2.3 for more details). All the configurations studied here are simulated using periodic boundary conditions.

The bulk system is divided into 100 spatial spherical bins with a thickness of 0.2172 Å defined from the center to the edge of the pore. A small bin size is chosen to correctly characterize the fluctuations at the interface. The density and the pressure inside of each bin are calculated and averaged. The profiles are then plotted as a function of distance from the center of the pore.

Results

Effective density vs Thermal conductivity

Fig. 4.2 shows the thermal conductivity of bulk water and the confined water in the nanoporous silicon as a function of density. For bulk water in the figure, the TC is featured by a moderated increase with the density, increasing from 0.05 W/(m•K) at 0.2 g/cm 3 to 1.5 W/(m•K) at 1.2 g/cm 3 . At room temperature, a density of 1.2 has 30 times thermal conductivity than the one at 0.2 g/cm 3 . In marked contrast, 
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the thermal conductivity of nanoporous silicon with the confined water exhibits a distinct trend (orange line in the figure). The red star point with the value of 7 W/(m•K) represents the TC of dry sample (water density is 0 g/cm 3 ). The TC profile reveals that the TC of hybrid system follows two stages. The first stage corresponds to the density below 0.8 g/cm 3 . With increasing density, the thermal conductivity displays an approximately linear increase until the value about 13 W/(m•K) at the density of 0.8 g/cm 3 . Almost doubled value here is found compared with the dry sample. After an upward, the second stage starts with a downward trend instead of a monotonous trend like bulk water. Moreover, after 1 g/cm 3 , it declines speedily with decreasing density of water.

From the above results, it seems that the thermal conductivity of nanoporous silicon undergoes a substantial change with the effective density of water molecules inside the pore. A maximum value is proved to appear near the density of 0.8 g/cm 3 . density is below 0.6 g/cm 3 , the density in the center is lower than the corresponding effective density. In contrast, a higher density value compared with the corresponding effective density occurs at 0 position when the effective density is high than 0.7 g/cm 3 . Then, I focus on the interface region. From 0.2 to 0.6 g/cm 3 , only two maxima and one minimum are obviously observed. Due to the limited number of water molecules and swirling as clusters in the pore, the interface boundaries adjacent to the core are very difficult to define, resulting in an illusion of a larger solid/liquid interface at low effective density. The thickness interface is crudely estimated in the Fig. 4.3. We can also say that the traditional obvious interface no longer exist at low density range. At the density higher than 0.7 g/cm 3 , the density profiles near the interface change considerably. Particularly at the density of 1.2 g/cm 3 , it soars quickly from the minimum to maximum value. Such an extremely rapid change in density causes the water molecules to show a clear stratification at the interface, impeding the transfer of heat.

The numerical value of high and low peak, as well as the shell thickness defined are shown in the Fig. 4.4. The density of high and low peak grow moderately with effective density of nanohybrid water-nanoporous silicon. The difference between them becomes higher and higher starting from the density of 0.6 g/cm 3 . The most higher difference at the density of 1.2 g/cm 3 reaches 0.6 g/cm 3 . The shell thickness shows an abnormal high value in the range of 0.6 to 0.9 g/cm 3 , while a slight decline with the effective density follows after the density higher than 0.9 g/cm 3 .

The snapshots in the Fig. 4.1 give us a most direct approach to understand the complex behaviors observed for the confined water. What we observed is that in the low density states, the water molecules is not distributed homogeneously and most of them shows a discontinuous states. So instead of the overall pressure of water, the pressure profiles is a much more effective to express the localized pressure in the pore. To simplify the simulation, the pressure profiles of the effective density from 0.6 to 1.2 g/cm 3 are extracted, presented below in Fig. 4.3. It shows that the pressure in each region of the system is positively correlated with effective density. At the density of 1.2 g/cm 3 , the pressure changes sharply near the interface.

Actually, in the study of confined water inside carbon nanotubes, a special behavior of pressure profile as a function of water has been observed [START_REF] Sadeghi | [END_REF]. As shown in the Fig. 4.5, several distinct regimes could be concluded. The first one is from 0.1 to 0.55 g/cm 3 , less change is shown in the low density range. From 0.55 to 0.88 g/cm 3 , the pressure value rises and falls twice, explained by the formation of much ordered phases in the reference. Above 4.2. Results 107 0.9 g/cm 3 , the pressure rise with the same rate until the end. The change of pressure in the range of 0.6 to 1.2 g/cm 3 in my study reveals that the molecular arrangement is strongly altered, affecting the thermal transport. It's even possible that a phase transition of water occurs. original difference, the normalization of the RDF profiles have not been done here.

Radial distribution functions

The shapes between different densities are quite similar to each other. Only one obvious peak at 2.7 Å is observed. The position of the first neighbor peak is independent on the effective density. As the distance being longer than 3.2 Å, the RDF for different densities don't show much differences. The density of the g(r) for the shell is generally higher than the core due to more ordered structure in the shell. With the density increases, the peak of the g(r) for the shell is broader than the core, with a higher maximum value, meaning that more ordered phases of water are formed in this region. To check the effect of the motion of the nanoconfined water on the thermal properties, the Mean Square Displacement (MSD) is studied, further with estimating the diffusion coefficient. The diffusion coefficient is obtained using the slopes of MSD profile. The results of MSD are shown in Fig. 4.7.

Velocity and motion displacement

It is observed that the MSD for all cases follow the same trend with the ones for the case of temperature, as discussed in Sec.3.2.4. A classical Brownian motion is displayed at the first 100 ps. The slopes in this region are dependent strongly on the effective density, being much greater for higher density. Furthermore, after 200 ps, the MSD values show a non Brownian diffusion reaching a saturation with the slope of 0.

The results of diffusion coefficient are shown in the 
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ing Eq.2.33. The value of α is equal around 1, indicating that the normal diffusion occurs for different densities. In Table .4.2, the values increase from 0.21 Å 2 /ps at 0.6 g/cm 3 , to 0.27 Å 2 /ps at 1 g/cm 3 , followed by a sharp decrease to 0.1 Å 2 /ps at 1.2 g/cm 3 . In consequence, the diffusion coefficient is limited in the high density region, and enhanced in the certain effective density region where the thermal conductivities also show an enhancement. 

Orientation of water molecules

For the orientational dynamic analysis, to simplify the comparison, the results with the density greater than 0.6 g/cm 3 are calculated, shown in Fig. 4.8. At any density ranging from 0.6 to 1.2 g/cm 3 , the angles between the molecular dipole moment and the radial direction of oxygen atom in the same water molecule reveal the similar trend. Conforming with the Gaussian simulation, the most likely angle from the center of the system to the solid/liquid interface, are 92.14°and 92°, which occur with the possibility of 0.87% and 1.13%, respectively.

Hydrogen bonds network

Figure 4.9: Hydrogen bonds (water water H-bonds) distributions for different effective densities in different region in the pore contributed from the interaction of water and its neighbor water molecules within 10 Å. From the top to bottom of the figure, the region studied are the whole pore (all waters in the core and shell),the core and shell.

To provide topological analysis of H-bonds networks, the averaged numbers of water molecules connected with a central water molecule through hydrogen bonds for different effective densities are shown in Fig. 4.9. The connected hydrogen bonds numbers in core, shell and in the both of them, are compared with bulk system with the aim of illustrating the dynamic behavior of the resulting intermolecular network. The first figure for analyzing all H-bonds in the pore, displays the large concentration of waters with the variation trend of H-bonds. Compared to the bulk water, the water molecules in the pore at the density of 0.6 and 0.8 g/cm 3 have a lower value for shorter H-bonds, and higher value for 4 or 5 H-bonds. It reveals that the confined space improves the formation of H-bonds of water. No longer than 5 number of H-bonds is observed in any case of effective density. I can also said that the independent H-bonds (0 H-bonds) and much longer H-bonds (5 H-bonds) is insensitive in the density. The hydrogen bond being reformed or broken are connected through 2, 3, 4 and 5 numbers of bonds. For nanoconfined water, similar trends for 0.6, 0.8, 1.0, 1.2 g/cm 3 that at high densities, smaller values for shorter 0-1 and larger 5 H-bonds are discovered. Especially at the density of 0.8 g/cm 3 , which corresponds the density with the highest thermal conductivity, few number of water molecules are interacted through 1, 2 H-bonds, consequently 2, 3 water molecules connect together. The distribution of H-bonds at the density of 0.8 g/cm 3 is almost 40% for 3 H-bonds, and 30% for 4 H-bonds, 5% higher than the ones at 1.2 g/cm 3 . A "perfect" network is found here at 0.8 g/cm 3 though hydrogen bonds network.

To further analyze of the H-bonds distribution of different region in the pore, the observed data for the water molecules in the core and shell are compared in the Fig. 4.9(b) and (c). Obviously the water molecules in the core with high effective densities, show more shorter H-bonds connecting water molecules in the core, with higher values for 1 and 2 H-bonds. It proves that the water in the core is occupied by fewer water molecules in the neighbors, which hinders the propagation of heat. The number of H-bonds in the shell is higher compared to the core. A more stable hydrogen bonding network is formed, which facilitates the heat propagation. .10 shows the analyse of geodesic length to evaluate the grade of connectivity within the hydrogen bond networks. As observed in Fig. 4.10(a), the distribution of geodesic length for all cases are always in Gaussian shape, being same with the results in previous chapter. At the low density of 0.6 g/cm 3 , the gd profile has a peak value of 7 H-bonds with the distribution value of 12%, which is smaller than the other densities. For 0.8 g/cm 3 , the gd exhibits a higher and narrow distribution of geodesics centered around the mean value of 8 H-bonds. Associated with the results of thermal conductivity, a specific density of nanoconfined water which has a concentrated distribution of gd is conducive to heat propagation. In the contrast, the gd distribution for the higher effective densities becomes much broader with larger number of geodesics length greater than 10. It indicates that hydrogen bonds with much dispersed length of pathway is formed at high effective density. A comparison of the geodesic length for the water molecules in the core and shell can be found in the Fig.4.10(b). Basically, the water in the core are connected through the shorter hydrogen bonds pathway, which is accordance with the lower value observed of hydrogen bonds numbers in the core. The extremely dispersed value for the shell at 0.6 and 0.8 g/cm 3 , I think that it is caused by the low number of water molecules in the shell region after dividing two regions. So it takes a long pathway of hydrogen bonds to connect each other.

Density of states

Phonon density of states (DOS) of the nanoporous silicon and the water confined in hybrid nanoporous materials are shown in FIG. 4.11. The DOS for nanoporous silicon exhibits always two peak value at about 6 THz and 17 THz. Compared to the bulk water, almost no shift of optical and acoustic peak of the silicon atoms is observed for different effective densities. Specifically, the DOS for 1.2 g/cm 3 has a higher value for acoustic peak and lower value for optical peak. Especially, the effective densities of 1 and 0.8 g/cm 3 keep higher peaks for transverse optical mode. This important increase of high frequency phonons contributes to an augment of thermal conductivity, which has also been proven in the literature (Hu et al. 2011).

Compared to the bulk water, confined water has a higher value at low frequency. I point out that the DOS at 0.6 and 0.8 g/cm 3 from 5 to 9 Thz create an extra change, rather than a decline for bulk water in the same window frequency. It is argued here that this is a signature of overlap of the confined water and the transverse acoustic mode of silicon atoms, which might promote the thermal conductivity. 

Conclusions

In this chapter, the effect of effective density from 0.2 to 1.2 g/cm 3 on the thermal conductivity of wet nanoporous samples was investigated here. a maximum value of TC at the density around 0.8 g/cm 3 was found for the first time. The TC increases gradually from the density of 0.2 g/cm 3 , then reaches a peak at 0.8 g/cm 3 , after which the TC decreases sharply along with the increase of the effective density until the value of 1.2 g/cm 3 . The underlying mechanisms are also related to the stratification of the water molecules at the vicinity of the solid/liquid interface.

To understand the non-monotonic change of thermal conductivity as a function of effective density, several structural and dynamical properties of the nanoconfined water, separated in a core water molecules (bulk-like) and shell water molecules (dense water layer close to the solid/liquid interface) have been studied numerically. When the effective density is high than 0.7 g/cm 3 , huge density difference between two peaks near the interface cause lower TC. Also the shell thickness for these densities are much larger, compared to other density values not in this range. A dramatic change of pressure near the interface is found for the density of 1.2 g/cm 3 . With the analysis of RDF, no phase transition is observed in the density range of 0.6 to 1.2 g/cm 3 . From another point of view, dynamical features such as the mean square displacement mentioned that the water molecules at the higher density move faster at the beginning of diffusion. And then, the movement of water molecules reaches to a platform, which is dependant on the corresponding effective density. Concerning the orientation of water molecules, the Angle between the molecular dipole moment and the radial direction of oxygen atom are independent of the effective density both in the core and shell. The hydrogen bond networks study for nanoconfined water reveals that longer hydrogen bond pathways with the number of 3 and 4 are found, at the density of 0.8 g/cm 3 , corresponding to the highest thermal conductivity. With increasing the effective density, the tendency of water molecules creating shorter networks in increasing the density, leads to the decline of the effective thermal conductivity of the hybrid nanosystems. The geodesic length profile of the nanoconfined water for the density of 0.8 g/cm 3 has a higher and quite narrow distribution. For densities higher than 0.8 g/cm 3 , the distributions became much broader, with significant geodesic lengths greater than 10. Last but not the least was that the DOS of the silicon pores atoms and the nanoconfined water molecules overlaps at the low frequency, inducing a increased juxtaposed areas and this qualitatively means that new heat flux channels are established between the solid matrix and the nanoconfined water.

To sum up, the maximum value of the thermal conductivity at 0.8 g/cm 3 are explained. I gave physical insights of the observed phenomena for the density from 0.6 to 1.2 g/cm 3 with structural and dynamical parameters. Hydrogen bonding network proved that, minor structural changes of water molecules can have an impact on the thermal conductivity at different densities. Combined with the conclusion of previous sections, the main reason giving rise of higher thermal conductivity is much clear in our framework. -The TC of nanoporous silicon with the confined water increases gradually from the density of 0.2 g/cm 3 . -An surprising maximum value is found at 0.8 g/cm 3 .

-And then, the TC decreases sharply along with the increase in the density until the value of 1.2 g/cm 3 .

• Density and pressure profiles provide the complex behavior for the density range of 0.7 to 0.9 g/cm 3 near the interface.

-For low effective density, the interfacial region is blurred.

-For high effective density, huge density difference between two peaks near the interface causes lower TC -The shell thickness for these densities are much thicker, compared to other density values not within 0.7 to 0.9 g/cm 3 . -A dramatic change of pressure near the interface is found for the density of 1.2 g/cm 3 .

• No phase transition is observed from RDF for the density range of 0.6 to 1.2 g/cm 3 .

• By mean square displacement and diffusion coefficient, the movements of the water molecules inside the pore are investigated.

-Both normal diffusion and confined diffusion are observed.

-The water molecules at the higher density move faster at the beginning of diffusion. -Nanoconfined water depends strongly on the effective density.

• The hydrogen bond networks reveal the effect of the localized interaction of hydrogen bonds on the TC.

-Water molecules create shorter networks, corresponding to the decrease of the effective TC in increasing the density. -Longer hydrogen bond pathways with the number of 3 and 4 are found, at the density of 0.8 g/cm 3 , corresponding to the highest TC.

• The juxtaposed areas are increased for the DOS at the density of 0.8 g/cm 3 .

-The new heat flux channels are established between the solid matrix and the nanoconfined water. -A higher value of DOS overlaps at the low frequency, inducing a increased juxtaposed areas.

CHAPTER 5

Size and spatial distribution of nanoporous silicon with confined water on the effective thermal conductivity via NEMD This chapter focuses on the effect of pore position and pore size on the nanoporous silicon with the confined water. Using Non Equilibrium Molecular Dynamics (NEMD) simulations, the role of the position and the size of the pore on the thermal conductivity have been investigated. This has also been done for several lengths of system to obtain the thermal conductivity of infinitive size systems. The total porosity content has always remained constant. Furthermore the mean free path of phonon in the system is deduced, as well as the TC of the infinitely long system. The derived details are presented in the following section.

Simulation details

Compared to the sustainable equilibrium state in the Equilibrium Molecular Dynamics (EMD), Non Equilibrium Molecular Dynamics (NEMD) simulations is carried out in a non-equilibrium state by imposing a stable and uniform distribution of heat flow. In general, the model in NEMD extends in one direction to allow for conveniently applying heat flow from both sides. The configuration in this study is designed based on this thought, then the system is built by defining the force field, the environmental factor, the boundary conditions, etc. In the following subsections, the details about the simulation methods are provided.

Determination of the configuration

Materials and interaction potentials

Following previous chapters, the new configuration is produced by replicating the cubic monoporous silicon along the longitudinal direction. The new simulation cell illustrated in Fig. 5.1, consists of nanoporous silicon, the confined water, and two crystalline silicon walls. Depending on the length of the system, the main simulated cell of the simulation contains different numbers and sizes of pores. By varying the position and the size of pores, the spatial distribution and the size distribution are realized. Moreover, by tuning both the size and position of the pore, the combined distribution on the TC is also investigated. The interatomic potentials obey the Lennard-Jones potential for water, Stillinger-Weber for Si-Si interactions, as elaborated in the previous chapters.

Size of the configuration

I varied the length of the main simulated cell of the system to 2×, 5×, 10×, 15× and 20× of the unit cell in the longitudinal direction. The unit cell takes the same size length as the cubic crystalline silicon in the previous chapter, with 43.44 Å in three directions. There are two additional walls on the both sides, each of which has a thickness of 4a 0 = 21.72 Å. Each of them contains two parts of the same thickness: the fixed one as the first outer layer, and the nonfixed one as the second outer layer for imposing the high and low temperature heat source to the system.

The overall porosity of the system remains 15.51%, and the density of confined water remains 1 g/cm 3 . The spatial distribution is obtained by varying the position of pores. The center position of each pore varies randomly in the range of 21.72 ± 17.40 Å in the three directions. The size distribution is realized by changing the radius of each pore in the range from 10.86 to 16.29 Å. The details for the size of configuration are listed in Table .5.1. 
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applied at different temperature 270 K and 330 K on the left and right second outer layers, to induce the heat flux through solid/liquid interface. Finally, the rest silicon atoms and the confined water molecules in the main simulated cell are under NVE ensemble. The whole system is performed under the above heat flux during 40 ns (4 × 10 7 timesteps) to reach equilibrium state.

To get the computational results, the system is divided into 100 slab bins with different sizes, which vary with the length of the system. The desired properties are averaged over every 0.1 ns and caught out in the file every 1 ns.

Results

Length effects on thermal conductivity

Firstly, NEMD simulations for the model with five straight-line aligned pores are performed. The Fig. 5.2 shows the variation of transfer energy rate that added into the system from the hot side and removed to the cold side. Heat flow is measured as a positive value at the high temperature side, and reversely it is negative at the low temperature side. As shown in the figure, the transfer energy rate changes linearly with increasing time and the curve is symmetrical along the 0-axis, which corresponds well to the system energy conservation. According to the Eq.2.29, the heat flow or energy power provided by the bath thermostat can be obtained by dividing the transfer energy rate by the cross-section area of system. Thereby, the effective thermal conductivity of the nanoporous crystalline silicon with the confined water can be achieved by Eq.2.30.

The thermal conductivities of nanoporous silicon with the confined water varing with the length are shown in the Fig. 5.3. A range of the length of system between 8.8 nm to 88 nm helps to investigate the length effect at room temperature 300 K. Due to the fixed atom at both sides, phonons are constrained under the limitation of the boundary for the small length of system. Therefore, few thermal conductivity is found for the smaller length. And then, what we can clearly observe from the figure is that the thermal conductivity increases non-linearly with the growth of the system length. When the system contains two pores with a length of 8.7 nm, its thermal conductivity is about 1.6 W/(m•K). The thermal conductivity of the system with a length of about 21.7 nm increases to 3.6 W/(m•K). After that, the thermal conductivity continually grows. Until the system contains 20 pores, of which the length is 86.9 nm, the thermal conductivity reaches about 5.7 W/(m•K).

In this solid-liquid hybrid system, the effect of system length is positive. On account of the increase of the length, the possibility of the phonons to travel further grows and more phonons are involved, enhancing the efficiency of the heat transfer. That's the reason for the significant rise of thermal conductivity with the length augment until 50 nm. However, when the length of system is greater than 50 nm, the magnitude of improvement becomes smaller. That's because at constant porosity, the presences of more voids and interfaces make the system more defective and the chances of phonons not being able to pass through the defects are greater. Moreover, the phonons interact with each other more often.

As the length increases, the negative effect of length on thermal conductivity gradually dominates. This makes the thermal conductivity reach a platform value instead of following the continuous growth when the length reaches a certain value (Mortazavi et al. 2016;Felix & Pereira 2018). An theoretical model suggested by Sellan et al. (Sellan et al. 2010) is usually possible to predict successfully the thermal conductivity k l as a function of length. It followed the Matthiessen's rule and applied the Boltzmann transport equation in order to express the size dependence on TC. It can be described as:

1 k l ∝ 1 L + 1 k bulk (5.1)
k l converges to k bulk as the length of system is infinite. By substituting our results into the above equation, it can be easily verified that this approach is not applicable in the model of this study. When the solid liquid system is taken into account, the simple relationship between the relaxation time and frequencies of phonons in the original model is not accurate. In addition, some assumptions about phonons dispersion, which are only suitable for the simple system such as singleelement crystal Si, are no longer reasonable (Sellan et al. 2010). So far, although many researches have been carried out on the prediction of thermal conductivity of two phase materials, they are mostly applied to bulk systems. Taking the system dimension into account, many methods reveal significant shortcomings. Hence, a simple model or prediction procedure relating the thermal conductivity of solid liquid system with the size dependence need more attention.

Pore position and size distributions on thermal conductivity

In this subsection, the effects of the size and position of the pore on the thermal conductivity of the material are investigated and the results are shown in Fig. 5.4. Again, it is emphasized that all cases are kept at the same porosity of 15.51%. It is clear from the histogram that compared to the one of in series, the thermal 
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conductivity has certain attenuation at a given length under the two effect factors of the position and size of the pore. Taking the system length of 43 meters as an example, compared to the one of in series, the thermal conductivity decreases by 7% when only changing the spatial arrangement of the pores and by 11% when only changing the size of the pores. The largest decrease of 17% was observed when the both acted together. It can also be noticed that varying the pore size affects the thermal properties of the material more severely than spatially varying the pore arrangement position. It can be imagined that the combined distribution of the pore is the greatest obstacle to heat propagation . As shown in the figure, it leads to the declines about 20%, 17%, 14%, and 7% for lengths of 21.7 nm (×5), 43.4 nm (×10), 65.1 nm (×15), and 86.9 nm (×20), respectively.

However, this remarkable decrement of the thermal conductivity has not been observed for the similar study of the micro pore materials. M. Zhang et al. (Zhang et al. 2018b) investigated the TC of ceramic closed-cell foams with multiscale pores. The result which can be compared with our study is that when the porosity is 18%, the decay of thermal conductivity is less than 10% by changing the pore distribution. Comparative studies of nanoporous materials on different scales suggests that the pore nanostructure as a crucial and complex factor, affects the material properties, which depends on the pore size, the position, even the morphology.

The thermal conductivity behaviour is also analysed in the lower figure in Fig. 5.4. The trend of the thermal conductivity with the length of the system is evident. The thermal conductivity increases non-linearly with increasing length in all cases of distributions. The TC shows a continuous growth, but the growth rate of TC decreases with the length augment. When the system is small enough (less than 8 nm here), the thermal conductivity of the system basically does not vary with neither the pore size nor the position. In this study, the ballistic regime could be defined for the length minus to 40 nm, where the TC shows a linear positive correlation to the length. In this region, the MFP of phonons is larger than the system size. After that, accompanying with the larger length of system, the MFP becomes much comparable. Consequently, the ballistic regime starts to transit to the diffusive regime. Here, this transition is roughly defined in the range of 44 nm to 88 nm. In the case of length greater than 88 nm, where the MFP is much smaller than the system size, TC shows almost an independence with the length. The fitted lines are performed with small uncertainties, with which the TC of infinitely long system and MFP can be obtained in the following subsection.

Regarding the porous materials with two phase, several models are avail-126 Chapter 5. Size and spatial distribution of nanoporous silicon with confined water on the effective thermal conductivity via NEMD able to predict the pore distribution of the thermal conductivity. Most of them have been proved to be suitable for the cubic bulk system in the macroscope [START_REF] Yuan | On continuum models for heat transfer in micro/nano-scale porous structures relevant for fuel cells[END_REF]Zhang et al. 2018b). In the 3.2.1, two mathematical methods EMA and ME are presented. EMA is a useful tool to forecast the thermal conductivity, which fully considers the contribution of the interface. ME model is designed for macroscopically isotropic, homogeneous materials with two phases, the continuous one and the dispersed one. However, these two models have not reached an adequate consideration of pore features, such as the morphology and the position. Hence, Cirillo Atzeni (Atzeni et al. 2008) presented a fractal procedure called Intermingled Fractal Units model (IFU), which is useful to reproduce any type of pore and consequently possible to predict the thermal conductivity for any porous materials. Giorgio Pia (Pia et al. 2016) applied it to calculate the TC of Yittriastabilized zirconia (YSZ). The result is more consistent with experimental data. It is quiet capable of exhibiting the dependence of thermal conductivity with different pore features, than the two methods mentioned above. 
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all cases. The velocity data for DOS calculation is extracted from this cell. Fig. 5.5 displays the results of DOS. What is directly seen that the DOS of both silicon and water exhibit the bulk behaviours. Following the trends and peaks of DOS profiles, the characteristic features of phonon DOS are independent of pore distribution. Furthermore, both for the silicon and the water, the DOS for spatial and size distribution have the same consistence. So what stands out is the difference between them and the combined distribution case. For silicon, the peaks around 7 and 17 THz possess greater heights for the spatial and size distribution. Correspondingly, for their DOS of the water, the amplitude in the low frequency range 0-17 THz are also higher compared with the combined one. These important overlaps of the available states of phonons promote phonons carrying heat, which can contribute to the increase of their thermal conductivity (Cao et al. 2018).

Another noteworthy feature displayed for the DOS of the water is that for combined distribution case, more available states of phonons are found for a range of frequencies larger than 17 THz. It indicates more phonons in the water are involved in the vibration at high frequencies. The insightful augments raised by Giri and Hopkins help to interpret an increase in the amplitude of DOS (Giri & Hopkins 2014): it can be attributed to the vibrational mode which prevent the phonons from transferring to the adjacent phases. So i thought that high frequency phonons with a larger DOS value decrease the thermal conductivity of the material. In addition, for solid liquid systems, many findings pose as evidence that the phonons in low frequency benefit to the energy transmission. It has been verified by the carbon nanotubes (Carlborg et al. 2008;Thomas et al. 2010), as well as the SAM/water system [START_REF] Hu | Significant reduction of thermal conductivity in Si/Ge core-shell nanowires[END_REF]. So here less involvement of phonons in low frequency regions accounts also for the lower TC in the combined distribution case. Finally, we tried to understand the results from structural aspect. G. Corongiu et al. [START_REF] Corongiu | Giorgina Corongiu and Enrico Clementi. Molecular dynamics simulations with a flexible and polarizable potential: density of states for liquid water at different temperatures[END_REF] gave a general augment about it. They proposed that the intermolecular water-water interaction dominate the low frequency region, conversely the intramolecular motions among the single water molecules dominate the high frequency region.

Therefore, an expected conclusion for the case of combined distribution is that When the pore is arranged randomly, less intermolecular interaction of water is involved to transfer the heat, accounting for the reduction of the thermal conductivity in the case of combined distribution. 

Thermal conductivity of infinite system and MFP

There is finite-size effect when the mean free path of phonon is competitive to the length of simulation system (l m /L ≪ 1). The most obvious result is that the scattering occurs at the interface near the heat and sink source. Consequently, the thermal conductivity is also limited by the system size. Casimir limit is well known for this regime (Casimir 1938). Based on this limit, Patrick K. Schelling (Schelling et al. 2002) has presented the equation for the mean free path l m and infinite thermal conductivity λ ∞ in 2001. The common thermal conductivity is recalled firstly given by the kinetic theory:

λ ≈ 1 3 cvl m (5.2)
where the c is the specific heat capacity of phonons, v is the group velocity of an acoustic branch, and l m is the mean free path of phonons. For each atom, the total energy U in three degree of freedoms in thermal equilibrium is averaged as 3/2k B T . With the assumption that acoustic branches carry the majority part of heat and have a larger group velocity than optical branches, the contribution of optical branch to the heat transfer is neglected here. It means that every degree of freedom contributes 3/2k B to the system's heat capacity. The specific heat for the whole system is given by:

c = ∂U ∂ T = 3 2 k B n (5.3)
here, the n is the number density of atoms. To relate to the λ ∞ , it is necessary to firstly specify the MFP of infinity l ∞ from the effective mean free path (Poetzsch & Böttger 1994;Schelling et al. 2002):

1 l ∞ = 1 l m - 4 L (5.4)
where the L is equal to the length of system cell, the factor of 4 represents the position of the last scattering at the averaged distance L/4 when the phonons pass through the system from the heat source to sink. It indicates that for either the hot or the cold source, a random portion of phonons occurs the last harmonic scattering at a distance of L/4. Here it is assumed that there is only ballistic heat transfer in the system. So the Eq.5.2 is evolved as:

1 λ ∞ = 2 k B nv • 1 l ∞ (Infinitely long system) 5.2. Results 129 1 λ = a 3 0 4k B v ( 1 l ∞ + 4 L )
where n = 8/a 3 0 for a unit cell with a length of a 0 . The thermal conductivity of infinitely long system can be calculated as (Schelling et al. 2002):

1 λ = 1 λ ∞ ( l m L + 1)
(5.5)

Figure 5.6: Inverse Thermal conductivity of the nanoporous silicon with the confined water as a function of inverse of system length for different distribution of pores, as well as the fitting curve for infinitely long system.

Table 5.3: The thermal conductivity for the infinitly long system and the corresponding mean free path.

Spatial distribution Size distribution Combined distribution TC of Infinite Length (W/(m•K))

6.75 6.744 6.9 MFP of Infinite Length (nm) 24.1 25.6 30.5

Therefore, the inverse of thermal conductivities of the nanoporous silicon with the confined water with different length from 8 nm to 88 nm are plotted in the Fig. 5.6, as a function the inverse of length. The inverse of TC varies linearly with the length of system, conforming well to the previous equation, in all cases. Because the system with a length of 8 nm is too tiny, the fitted line is considered from the length longer than 21.7 nm to the 86.9 nm. As the equation proposed by Patrick 130 Chapter 5. Size and spatial distribution of nanoporous silicon with confined water on the effective thermal conductivity via NEMD K, the TC of infinitely long system is obtained when the inverse of length is equal to 0, referring to the intercept of the fitted lines.

The final value of thermal conductivity of infinitely long system, is also called intrinsic thermal conductivity. The detailed results for infinite system are exhibited in the Table.5.3. The intrinsic thermal conductivity of nanoporous crystalline silicon with the confined water for 4 cases is averaged to be about 6.9 W/m•K.

By substituting the result data to the Eq.5.5, the averaged effective MFPs as a function of length are calculated, shown in the second line of the Table.5.3. There is a positive correlation between the MFP and the system length. The mean free path for nanoporous silicon with the confined water under different distributions of pore is averaged over 25 ± 4 nm. The complicate distribution of pore has high thermal conductivity for long infinitely system, less hindering the propagation of atoms. There is no evidence to suggest that which of the position or size of the pores plays a dominant role in heat transport.

Conclusions

In this chapter, the thermal conductivity of the nanoporous silicon with the confined water were investigated. The simulation cell is produced by replicating the cubic nanoporous silicon along the longitudinal direction. At first, the effect of the system length is studied. The result showed a nonlinear change of TC with the length of the system. The TC increases rapidly with the length increasing until 50 nm, due to more phonons are involved and travel further. Then the TC increases gradually with the length longer than 50 nm, and because of the hindrance of the voids and the interfaces.

Afterward, the effects of spatial, size and the combined spatial/size distribution of pore on the TC of the wet nanoporous silicon are studied. Only the position and size of pore are changed to obtain the different distribution of pore under the same porosity. The trends of the thermal conductivity for all cases with the length are much similar. The thermal conductivity increases nonlinearly with increasing length in all cases. When the system is small enough (less than 8 nm here) the thermal conductivity of the system basically does not vary with neither the pore size nor the position. The results of DOS show less involvement of phonon in the low frequency region. The intrinsic thermal conductivity of nanoporous crystalline silicon with the confined water is calculated as about 6.9 W/m•K. The averaged MFP is calculated to be 25 ± 4nm. The complicate distribution of pore has high thermal conductivity for long infinitely system, less hindering the propagation of atoms. There is no evidence to suggest which of the position or size of the pores plays a dominant role in heat transport.

To sum up, I extended the previously studied model to investigate the effect of the system length, the position and size distribution of the pores on the thermal conductivity. And based on the length effect, I comprehensively exhibited the calculation process of thermal conductivity for infinitely long systems, and then derived the mean free range of phonons in the nanoporous silicon with the confined water. The entire framework is underlined by this chapter with the improved generality.
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Synthesis of the Chapter

• The thermal conductivity of the nanoporous silicon with the confined water shows the nonlinear effect of the length of the system.

-The TC increases rapidly with the length increasing until 50 nm.

-Then the TC increases gradually with the length longer than 50 nm, and reaches a plateau value because of the hindrance of the voids and the interfaces.

• The effects of position and size of pore as well as their combined distribution are studied.

-The trends of the thermal conductivity for all cases with the length are quite similar. The thermal conductivity increases nonlinearly with increasing length in all cases. -When the system is small enough (less than 8 nm here) the thermal conductivity of the system basically does not vary with neither the pore size nor the position. -The DOSs for each cases remains highly consistent.

• The intrinsic thermal conductivity of nanoporous crystalline silicon with the confined water is about 6.9 W/m•K.

-The complicate distribution of pore has high thermal conductivity for long infinitely system, less hindering the propagation of atoms. -The averaged MFP for four cases is calculated to be 25 ± 4 nm.

Conclusions

In this thesis, the thermal conductivity (TC) of solid-liquid hybrid nanocomposites was investigated, especially for the dry and wet nanoporous crystalline silicon with the confined water. Meanwhile, a deep understanding in solid/liquid hybrid system has been developed. The thermal conductivity is calculated using Molecular Dynamics (MD) simulations, which are performed with LAMMPS. The study is composed by two parts. The first focuses mainly on the influence of two parameters on the thermal properties: the effect of temperature and the effective density of water on the TC of nanoporous silicon with the confined water, which is calculated using the Equilibrium Molecular Dynamics (EMD) methodology. In the second part, the effects of spatial, size and the combined spatial/size distributions of the wet nanopores on the TC of silicon are investigated. This part of the study, due to the modeling requests, has been done using the Non Equilibrium Molecular Dynamics (NEMD) simulations.

In the first part, an enhancement of the effective thermal conductivity of wet nanoporous samples at the temperature spectra of 285-360 K is evaluated. A surprising maximum of the thermal conductivity of the solid/liquid nanohybrid system at 300 K is observed here for first time, which then vanishes for temperatures greater than 345 K. The underlying mechanisms are related to the stratification of the water molecules at the vicinity of the solid/liquid interface. This enhancement is much more important than the one that can be predicted by using macroscopic effective models. To understand this non-monotonic behavior, several structural and dynamical properties of the nanoconfined water, separated in a core water molecules (bulk-like) and shell water molecules (dense water layer close to the solid/liquid interface) have been studied numerically.

• Density and pressure profiles help to understand the water molecules structure near the interface. The water molecule density follows a stratification effect close to the solid interface and the water density fluctuations decreases in increasing the temperature.

• With RDF analysis, at 300 K the shell water molecules is much more ordered than the ones in the core.

• Dynamical features such as the mean square displacement and the diffusion coefficient showed a saturation of movement over a long period of observation. An uncorrelated Brownian motion of nanoconfined water is observed 134 Chapter 5. Size and spatial distribution of nanoporous silicon with confined water on the effective thermal conductivity via NEMD at the beginning of the observation, followed by a confined diffusion. The diffusion coefficient shows that nanoconfined water depends more strongly on the temperature than the bulk water.

• Concerning the orientation of water molecules, I have observed that oxygen atoms close to the solid/liquid interface are more rigid compared to the inner water molecules, but this phenomenon is independent of temperature.

• The hydrogen bond networks for the total nanoconfined water reveal that the majority of molecules preserve similar networks to the bulk water and that the temperature does not have a systematic effect on the H-bond networks. If we separate the nanoconfined water to shell and core water molecules, then we observe that more networking connections are present in the shell and this might be correlated to our remark that the high density water layer close to the solid/liquid interface has potential to cause the higher thermal conductivity of hybrid nanosystems. This conclusion is also supported by the tendency of water molecules creating shorter networks in increasing the temperature, corresponding to the decrease of the effective thermal conductivity of the hybrid nanosystems upon increasing the temperature.

• Last but not the least was that the DOS of the silicon pores atoms and the nanoconfined water molecules increases their juxtaposed areas compared to the bulk state and this qualitatively means that new heat flux channels are established between the solid matrix and the nanoconfined water.

Secondly, the same methodology has been used as in the first part, to investigate the influence of the effective density from 0.2 to 1.2 g/cm 3 on the thermal conductivity of wet nanoporous samples. A similar maximum value of TC at the effective density around 0.8 g/cm 3 is found. The TC increases gradually from the density of 0.2 g/cm 3 , then reaches a peak at 0.8 g/cm 3 , after which the TC decreases sharply along with the increase in the effective density until the value of 1.2 g/cm 3 . We found that:

• A higher density value at the center of pore is observed for effective densities in the range of 0.7 to 0.9 g/cm 3 compared to the initial effective density. Furthermore, the shell thickness for these densities are much larger compared to other density values. Moreover, a dramatic change of pressure near the interface is found for the density of 1.2 g/cm 3 .

• Similar results of RDF with the first part (temperature dependence) and thus it can be concluded that no phase transition is observed.

• The MSD profiles reveal that the saturation of movement over a long period of observation differs for the different densities. This indicates that the diffusion coefficient of nanoconfined water depends strongly on the effective density.

• We do not observe important modifications of the orientation of water molecules in the core and the shell upon the effective density.

• The hydrogen bond networks for nanoconfined water reveal that water molecules create shorter networks, corresponding to the decrease of the effective TC in increasing the density. Longer hydrogen bond pathways with the number of 3 and 4 are found, at the density of 0.8 g/cm 3 , corresponding to the highest TC.

• The DOS of the silicon pores atoms and the nanoconfined water molecules overlaps at the low frequencies, inducing an increased of the juxtaposed areas, resulting new heat flux channels established between the solid matrix and the nanoconfined water.

At the last part, the simulation cell switches from a cubic to a longitudinal model. Here we wanted to study the influence of the size, spatial and the size/spatial distribution of the wet pores on the thermal conductivity of the nanoconfined water in porous silicon system. The thermal conductivity of nanoporous silicon with confined water shows a nonlinear dependence in increasing the length of the system. The TC increases rapidly with the length, until the system reaches 50 nm, and then reaches a plateau around 70-80 nm. Then, the effects of different features of the pore on the effective thermal conductivity are studied. The trends of the thermal conductivity for all cases with the length are quite similar. The thermal conductivity increases nonlinearly with increasing length in all cases. When the system is small enough (less than 8 nm here) the thermal conductivity of the system basically does not vary with neither the pore size nor the location. The intrinsic thermal conductivity of nanoporous crystalline silicon confined with water is calculated as about 6.9 W/(m•K). The averaged MFP for all cases is calculated to be 25 ± 4 nm. The complicate distribution of pore has high thermal conductivity for long infinitely system, less hindering the propagation of atoms.

To sum up, I gave physical insights of the observed phenomena with structural and dynamical aspects. Only a small amount of evidence explains the maximum value of thermal conductivity at room temperature. Through multiple research approaches I have used, the complexity of confined water molecules at the nanoscale is much clear in our framework. The entire framework is also underlined by the last part with the improved generality. In this thesis, the role of solid liquid interface for the important enhancement of the effective thermal conductivity of a nanoporous silicon filled with water is argued, compared with the dry one. However, the density profiles results can not explain the maximum value of thermal conductivity at certain temperature or effective densities. This suggests that there are still limitations to the current density profiles for interface characterisation that have been done. As our research shown that the broken and rebuilding of hydrogen bonding network are the main reason giving rise of higher thermal conductivity. So much complex models such as 4-sites model of water, should be taken into account in the future study, for expressing specifically the interaction of the solid and the liquid. The current used model in this thesis have not attained an adequate understanding of the water molecules, for example in the aspect of representing the polarity changes, spin motion, dipole moment, etc. All of them are related to the solid/liquid interaction, the hydrophilicity of the surface, consequently the thermal properties. Meanwhile, it is also meaningful to extend the run period to study the life time of H-bonds (femtoseconds). In addition, too little attention has been paid to the density of states for solid/liquid nanocomposites, which is one of the most important approach to analyze the thermal transports. The effect of the overlapping area of the solid and the liquid are still not clear.

As a more general prospective, there are also other points which are worthy studying in the future. For instance, it is intriguing to see how temperature and density will affect nanoporous amorphous silica and whether similar extreme values would still exist. Such system would be more realistic taking into account the oxidation occurring in all silicon nanomaterials. Another perspective is to study the impact of the shape of the pore on the the effective thermal conductivity by modeling cylindrical or polygonal pores which are closer to the real nanoporous systems.

APPENDIX A

Thermal conductivity of nanoporous amorphous silica

The solid liquid system of silica and water will be much complex due to the different oxygen atoms from silica and water. It's a pity that the study of the thermal conductivity on the nanoporous amorphous silica confined with the water didn't be completed in the period of PhD. We started from the TC of bulk and nanoporous amorphous silica. In this appendix, the calculation of their thermal conductivities is explored using molecular dynamics simulations. The following subsections represent the simulation details including the simulated configurations, the interatomic potentials, the system equilibrium, and the results. In the future, works on follow-up can build on this base.

A.1 Introduction of nanoporous amorphous silica

As the definition of nanoporous silicon, nanoporous silica consist of amorphous silica matrix with a larger number of nano-sized pore (0.1 nm-1 um). Taking the advantages of the low density, stable thermal properties, high thermal insulation, low dielectric and tunable refractive index and so on, the nanoporous amorphous silica are explored in the field of in the detectors, MEMS devices, filters and sensors (Yang et al. 2022;Zhu et al. 2020;Choi et al. 2008b;Coquil et al. 2011). Therefore for these applications, the knowledge of the thermal conductivity of amorphous silica is significant for the design of these devices.

En general, the presence of the pore leads to the degradation of the thermal transport of amorphous silica, caused by the boundary scattering. However, M.Y.Yang et al. studying the thermal insulation of nanoporous silica aerogels, found that the water molecules can deduce effectively the phonon scattering and promote the heat transfer by filled the molecular defects (Yang et al. 2022). This certainly contributes to the complexity of the prediction of the thermal conductivity of nanoporous silicon and liquid system. Furthermore, due to their disordered structure and the ambiguous interfacial area at the pore boundary, it is also a chal-lenge to define precisely the interface between an amorphous silica and liquid, which is related to the thermal transport, thereby, the effective thermal conductivity. We have proved in the main content that the well-known approach, effective medium approximation, is no longer applicable for the case of the solid and liquid system with the nanosized pore. Another classical method, molecular dynamical simulations, came into the mind. It is capable to simulate directly the motion process of atoms, then extract the physical properties with certain assumptions. It can be helpful for us to investigate the complex solid/liquid system.

Besides, the effect of pore features on the thermal conductivity of amorphous silica cannot be disregarded as well. As in the systematic study carried by Thomas Coquil et al, the results of MD simulations confirms quantitatively the strong dependence of the porosity on the TC of nanoporous amorphous silica, but no dependence of the pore size. Hence, a deep understanding in this domain is still required.

A.2 Methodology of EMD

A.2.1 Interatomic potentials A.2.2 Interatomic potential functions for silica and silica/water Silicon dioxide (or silica) is a tetrahedron formed by silicon atoms and four oxygen atoms, which can be divided into two categories: crystalline and amorphous forms. There are many different potentials recommended for bulk silica. The most widely used are the BKS potential [START_REF] Van Beest | Force fields for silicas and aluminophosphates based on ab initio calculations[END_REF]) and Tersoff. potential [START_REF] Tersoff | New empirical approach for the structure and energy of covalent systems[END_REF].

A.2.2.1 BKS potential

The name of BKS potential is made up of the initials for its inventors Beest, Kramer and van Santen [START_REF] Van Beest | Force fields for silicas and aluminophosphates based on ab initio calculations[END_REF]. It takes fully account of the ab initio calculation and classical lattice dynamics. It is frequently applied for amorphous silica, also nanoporous silica films. Through BKS potential, the structural and thermodynamic properties, such as radial distribution functions , thermal conductivity, specific heat, are predicted with reliable accuracy. Compared with many body potential such as tersoff, BKS potential takes a good advantage of being a two-body potential, which is more efficient. This allows to work in longer run, and thus to study the system under low temperature. So it is an attractive potential function for silica for computer simulation.

The BKS potential take into account two parts: the Coulomb and the Buckingham interactions. The interaction between two atoms i and j in BKS potential is expressed as: Φ(r) BKS = Φ(r) Coul + Φ(r) Buck = q i q j e 2 V (r) + A i j exp -B i j r -C i j r 6 (A.1)

where q i and q j are the charges of atoms, the r is the separation distance, A i j , B i j and c i j are the different constants for different pairs of atom i and j. For example, there are three different pairs of silica, Si-Si, Si-O and O-O. The first term V (r) = 1/r in Eq.A.1 represents the contribution of long-range Coulombic interaction, which could be further approximated by finite range potentials. The second and third one are defined for the short-range attraction and repulsion of atoms, respectively (Yeo et al. 2013).

In 1996, Katharina Vollmayr (Vollmayr et al. 1996) discovered that the original BKS proposed by Van Santen cannot perform in the short and medium structure of amorphous BKS. A truncation of potential need to be considered. It is found that a practical method, presented and developed by D. Wolf in 1992 and1999, enables to extract the energy, force and stress from a spherically truncated environment (Wolf 1992;Wolf et al. 1999). It is readily implemented on MD simulations of amorphous silicon. Combined with this model, the Eq.A.1 can be deduced as: Φ(r) Coul W = q i q j e 2 V (r) = q i q j e 2 ( 1 r -1 r c,Coul

) + 1 r 2 c,Coul (rr c,Coul ) , r < r c,Coul (A.2) Φ(r) Buck W = A i j exp -B i j r -C i j r 6 -(A i j exp -B i j r Buck -

C i j r 6 c,Buck ) (A.3)
where the r c,Coul and r Buck are the cut-off for the Comlomb potential and Buckingham potential, respectively. r c,Coul is determined as 10.17 Å, which has been demonstrated that it is representative of the behavior of the Coulomb potential in real space part in the study of Antoine Carré (Carré et al. 2007). Furthermore, for the cutoff of non-Coulomb interaction, the finding of Vollmayr found that r Buck shifted at a distance of 5.5 Å, made the simulations agree well with real experiments (Vollmayr et al. 1996). It means that only the particles with a distance of 0.55 nm interact with each other. This term makes it possible to have a more re- The importance and the originality of the BKS potential is that it explores an good structure properties of amorphous silica both in mechanical and dynamical aspects, which shows consequently a high compatibility with the experimental results (Yuan & Huang 2012;Kerrache et al. 2006;Hemmati & Angell 1998). And the final BKS potential in Eq.A.6 enables to work effectively for large samples.

However, in the studies on the thermal properties of amorphous silica, it has been proved that BKS potential provided a poor estimation of bulk thermal conductivity, and vibrational density of states (Yeo et al. 2013). So we wanted to change the potential for the thermal property study. Comparison the finding with those of Tersoff potential conformed that the bulk thermal characteristics of amorphous silica can be successfully reproduced accurately by Tersoff with great accuracy.

Therefore, at first in our study, we used the modified BKS potential in Eq.A.6 to generate the amorphous silica from the crystalline state. The parameters used are shown in Table .A.2. Then, the potential was replaced by the Tersoff in order to calculate much correctly the thermal conductivity of bulk and nanoporous amorphous silica. The parameters for Tersoff potential could be directly extracted from the Ref. (Dmitriev et al. 2018).

A.2.3 Determination of the configuration

At first, a bulk system is under the consideration with the length larger than 5.5 Å to avoid the finite effect during the amorphous silica formation. According to the structure of -Christobalite cell, the cubic length in each direction is set as a = 7.46 Å, as shown in Fig. A.1(a). So we generated firstly the bulk crystalline 1.75 1.27 0.0 q i j q Si = +2.4e q O = -1.2e

silica system by replicating the -Christobalite cell, with dimensions of6a × 6aa, which corresponds to a cubic sample of L = 44.76 Å size length, as illustrated in Fig. A.1(b).

After the formation of Silica, a sphere of atoms within a radius of R = 14.92 Å is extracted from the simulation box center to finally catch a porosity of 15.51%. The dry nanoporous amorphous silica system is obtained, as displayed in Fig. A.1(c). Fig.A.1(d) and (e) are the nanoporous amorphous silica configuration in the perspective and front view, respectively.

From this configuration, the porosity is introduced by removing a sphere of atoms from the center. Some authors (Mirmohammadi et al. 2018;Van Norren et al. 2009) observed that above a porosity of 15%, the measurement of thermal conductivity exhibits large fluctuations which is not the case at low porosity level. This is attributed to the dominating role of boundary effect over phonon scattering.

A.2.4 Melt-quench process

In order to prepare an amorphous silica, a initial crystal silica are successively heated, melted, and quenched, to achieve an final amorphous state. Known that the density of amorphous silica is 2.2 g/cm 3 (Structures 1963), we chose the beta-Christobalite with the same density as its. The whole process is always under the periodic boundary condition.

First of all, the atom velocities are initialized using a Maxwell-Boltzmann distribution set by different random number of seeds. Then, the bulk beta-Christobalite sample is heated in NVT ensemble, from 300 K to 6000 K during 100 ps. After that, the system need to evolve at 6000 K and at 1 atm during 10 ns (10 000 timesteps) to make sure that all atoms are fully melted into the liquid state. It is followed by a quenching of system from 6000 K to 300 K with a cooling rate of 5.7 K/ps during 1 ns. Finally, the system is still thermalized at 300 K for another 100 ps to achieve the equilibrium state of amorphous silica. In this process, the temperature and the pressure are controlled by the Langevin thermostat (Schneider & Stoll 1978) and Berendson barostat (Berendsen et al. 1984), respectively, to generate the positions and velocities of atoms as implemented by LAMMPS.

Once the Tersoff potential is defined in LAMMPS, the BKS potential will be replaced.. Aiming to bring the system back to equilibrium with the new potentialthe system is performed under a local energy minimization using conjugate gradient (CG) algorithm. Finally, it is allowed to relax further at 300 K at 0 pressure for 20 ps to be well prepared for EMD simulations.

A.2.5 System equilibrium for EMD

The method for EMD is quiet similar as the description in Sec.3.1.2. All the configurations studied here are simulated under periodic boundary conditions. All the velocities are integrated by the velocity-Verlet integration algorithm for the atomic motion with the timesteps of 0.5 fs. To make sure that the system has been fully relaxed after the potential switching, we still relax the system at 300 K in the NVT ensemble at zero pressure for 200 ps, and then imposed the NVE run during 70 ns to compute the thermal conductivity using EMD method (introduced in Sec.2.3.1).

A.3 Results

A.3.1 Characterization of the amorphous silica

A random and disordered silica in amorphous state are obtained after the above melt-quench process. In this amorphous stage, the density of the final sample here is calculated as 2.22 g/cm 3 , which is consistent with the referenced data (Structures 1963). Besides, it's also necessary to check the structure properties of the sample to ensure the accuracy of the thermal conductivity calculation. We took firstly into account the pair Radial Distribution Functions (RDF) to specify numerically the bond length of silica atoms. Fig. A.2 provides the results of the pair RDF of the amorphous silica after the melt-quench process and the change to Tersoff potential at 300 K and 0 pressure . What we can observe is that, the first peak of O-O, Si-O and Si-Si atoms appear at 2.58, 1.61 and 3.14 Å, respectively. Comparison of the interatomic lengths for all sizes with those of the others studies confirm that our RDF distributions are in accord with both the experimental (Vollmayr et al. 1996) and simulated results (Mantisi et al. 2012;Issa et al. 2020). The same agreement can be also attained for subsequent peaks in Fig. A.2. On the other side, the bond angle, which is correlated strongly with the bonding state, is also an important parameter to deliberate the glass network (Liu et al. 2022). With the aide of angle distributions of silicon and oxygen atoms, the distributions of O-Si-O and Si-O-Si angles are illustrated in the Fig .A.3 below. The angle distribution concentrated in certain range as an approximated Gaussian distributions. And the maximum values of O-Si-O and Si-O-Si are about 112 °and 152 °. These results match consistently those observed in previous study (Ndour et al. 2021). With the aid of these distributions, it is encouraging to summarize that our amorphous silica sample is reliable and realistic for MD simulations.

A.3.2 Results of the thermal conductivities

The thermal conductivities of bulk nanoporous silica , compared with nanoporous crystalline silicon, are studied here. It indicates that the great attenuation of the TC because of the existence of the pore both for the crystalline silicon and for the amorphous silica. The TC of the nanoporous silica decline from 1.12 to 0.65 K•m 2 /W, after the addition of the pore. It can be seen that the pore has less influence on the thermal properties of amorphous silicon dioxide compared to the crystalline silicon. , vol. 118, no. 1, pages 197-205, 2015.
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 11 Figure 1.1: Schematic diagram of the capillary behavior of a liquid on a surface with different wettability, with clay mineral as an example from Ref.(Pan et al. 2020a)

Figure 1 . 2 :

 12 Figure 1.2: Atom number density profiles as solid lines and averaged temperature profiles of the atomic layers as dotted lines at the interface for (a) the wetting liquid (which means strong bonding between the solid and the liquid) and (b) the non-wetting liquid. The interface is depicted at the position z = 0

Figure

  Figure 1.3: (a)The mechanism of the dynamic behaviors of direct current in water droplets and silicone rubber plate (Cao et al. 2021).(b)The configuration of nano-indentation with silicon nanocrystal, diamond indentor and water layers, in molecular simulations. Note that water molecules here are simulated in TIP4P models(Tang & Zhang 2004).

Figure 1

 1 Figure 1.4: (a)Argon in red colour diffuses in the free space of SiC-DC in blue colour in the constructed model of HRMC (Farmahini & Bhatia 2016).(b) Before and after separation of water-in-toluene, and (c) contact angle of a water droplet with different pH values on the supershydrophobic HBCT aerogel (Yuan et al. 2018). (d) The sketch and SEM images of Pt-decorated carbon nanotube in liquid metal matrix (Park et al. 2019). (e) Scheme of a DSSC of graphene-ionic liquid based quasi-solid state electrolyte (Ahmad et al. 2011).

12

  Chapter 1. Solid-liquid nanocomposite cal structure is found with the superhydrophobicity. It is an effective media to separate the emulsion. Details are shown in Fig.1.4(b) and (c).

Figure 1

 1 Figure 1.5: (a) Schematic illustration and (b) SEM image of the EGaIn nanodroplets stabilized by polymer brushes (Wei et al. 2020). (c)The adsorption processes for designing different polymer-based materials (Rivas et al. 2018). (d) Scheme of porous polymer nanocomposite functionalized by specific ink(He et al. 2018). (e) The optical images of the substrate composed of polymer and hydrophobic fumed silica before (left) and after (right) infusion of silicone oil. It shows a high transparency, which manifests that the text "Slippery" can be seen through the material(Cao et al. 2016).

Figure 1

 1 Figure 1.6: (a) The snapshot of the simulation configuration in MD to calculate the Kapitza resistance between gold (or Au, Ag, Al) and water (Vera & Bayazitoglu 2015). (b) The temperature profiles of the Ag/water nanofluid using SNEMD simulation (Rajabpour et al. 2019).

Figure 1

 1 Figure 1.7: The "ice-like" ordered structure of the monolayer water on the ionic substrate (Cheh et al. 2013). (a) Water,solid layer and (b) the interface. (c) The heat flux between two heat sinks as a function of the length.

Figure 1

 1 Figure 1.8: The Cu nanoparticles diffuse uniformly and stably in water in the presence of surfactants (Cetyl trimethylammonium bromide (CTAB)) (Sharma 2018).

Figure 1

 1 Figure 1.9: (a) The process to create biphasic GaIn (Liu et al. 2021). (b) Schematic of the preparation of CaCl 2 6H 2 O PCMs (Li et al. 2017).

20

  Chapter 1. Solid-liquid nanocomposite plications. In addition, the ester is also one of the top choice of basefluid. Lucian PD (Pîslaru-Dȃnescu et al. 2013) presented that a super-paramagnetic nanofluid (SMP-NF) based on colloidal nanoparticles Fe 3 O 4 and transformer oil (TO), can perform well in the transformer and micro-actuator as a magnetic material.

Figure 1 .

 1 Figure 1.10: (a) Photos of different samples of SiC-CuO/C-ethylene glycol nanofluids at room temperature for 30 days (Akilu et al. 2019). (b) The SEM image and scheme of SWNTs in PVA nanocomposites (Kang et al. 2012).

Figure 1 .

 1 Figure 1.11: (a) The manufacturing methods classified as one and two steps of nanofluids (Narankhishig et al. 2021). The figure below is the TEM images of (b) the traditional silica/water nanofluid and (c) functionalized by silane (Yang & Liu 2011). (d) The scheme of ultrathin functional poly(N-isopropylacrylamide) brushes (Furchner et al. 2017).

Figure 1 .

 1 Figure 1.15: Contact angle θ as a function of the radius R of liquid particle, with the line tension τ = 0.93nN (McBride & Law 2012).

  2012), AFM (Isaifan et al. 2019), or a long range microscope (First Ten Angstroms FTA100) (McBride & Law 2012). There are also some researchers using simulation to calculate the contact angle, together with the value of tension. It is also proved that with the reduction of the size of liquid particle, the contact angle decreases (McBride & Law 2012), as detailed in the Fig.1.15.

Figure 1 .

 1 Figure 1.16: The geometries of water meniscus on the AFM (a) and (b) hydrophobic, (c) and (d) hydrophilic tips with two different surface energies (Choi et al. 2008a).

30

  Figure 1.17: Schematics of water on the different surfaces : (a) smooth, (b) rough, (c) heterogeneous (Drelich 2019). h is the thickness of the liquid film, θ W , θ CB , θ C is the Wenzel contact angle, Cassie Baxter contact angle, Cassie contact angle, respectively.

Figure 1 .

 1 Figure 1.18: Evolution of Kubo gap in different scales (Roduner 2006).

Figure 1 .

 1 Figure 1.19: The test methods for the measurement of thermal conductivity. (a) Scheme of photo thermal method (Andrusenko et al. 2012). The layers 1 to 5 refer in order to: a liquid droplet, porous silicon layer, bulk silicon substrate, buffer glass-ceramic layer, and piezoelectric transducer. (b) Scheme of time domain thermoreflectance (TDTR) (Zhao et al. 2019).

  demonstrated experimentally that the involvement of open-cell metal foam embedded into paraffin (phase change materials) can greatly reinforce efficiency of thermal energy storage, due to the reduction of the thermal interfacial resistance of metal form, shown inFig.1.20(d).

Finally,

  [START_REF] Wu | Highly Stretchable and Self-Healing "Solid-Liquid" Elastomer with Strain-Rate Sensing Capability[END_REF] found a high stretchability and self-healing of "solid-liquid" elastomers (SLEs) by interpenetrating polyborosiloxane (PBS) with polydimethylsiloxane (PDMS).

Figure 1 .

 1 Figure 1.20: Examples involving in electronic devices, fuel cells, soft materials, thermal energy control, and biomedical therapy.

Figure 1 .

 1 Figure 1.21: (a) 3D schematic of single rectangle microchannel heat sink with the physical explanation of solid-liquid boundary conditions (Al-Neama et al. 2017), and (b) stacked microchannel. (c) The phase change thermla interfacial materials applied in the microelectronic device (Liu et al. 2020).

  2018). The conceptual and actual schematics of the solid-liquid hybrid system are shown in Fig.1.22(a) and (b). In addition, the PCM embedded the Graphene nanoplatelets and solid-Liquid In4Se3-In composite are also good choices of thermoelectric materials to provide an efficient thermo-electric conversion as well as energy harvesting(Yu et al. 2021;Luu et al. 2019).

Figure 1 .

 1 Figure 1.22: The (a) conceptual and (b) actual schematics of the solid-liquid hybrid system in the thermoelectric device (Márquez-García et al. 2018). (c) The diagram of solar transition of carbonbased nanofluid (Chen et al. 2018).

  Fig.1.22(c) shows the diagram of solar transition of carbon-based nanofluid. The nanoparticles, fibers, or tubes are suspended into the conventional basefluids such as water, oil, etc (Soltani et al. 2017; Li et al. 2020). Jia-Sheng Li et al. (Li et al. 2018) proposed a solid-liquid hybrid state quantum dots LED (QD-LED) to achieve higher conversion efficiency of LED, by integrating liquid solution (like methyl-terminated polydimethylsiloxane) into solid-state matrices (like ethylene-terminated polydimethylsiloxane).

Figure 1 .

 1 Figure 1.23: Two Typical types of phase change materials simulated: nano-encapsulated structure (n-octadecane as core, SiO 2 as shell in this figure), and nanoparticle-enhanced structure ( SiO 2 enhanced by aluminium)(Rao et al. 2013).
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Figure 2

 2 Figure 2.1: The schematic illustrations of the three boundary conditions: (a) periodic, (b) mirror, (c) diffusion reflection boundary condition.

  data It uses mainly the commandes like 'restart','writerestart' to output in stages.

Figure 2

 2 Figure 2.2: The potential energy and interaction force of LJ potential, where U is the interatomic potential, F is the interatomic force.

  , SPC (Hu & Jia 2021), SPC/E), 4site (as TIP4P/2005 (Yagasaki et al. 2020), OPC3 (Xiong et al. 2020)), 5-site (as BNS(Pan et al. 2020b) TIP5P (Kasahara et al. 2020)) and 6-site (Nada 2016)water models. Parameters of some common water models are shown in

  The thermal conductivity is then computed using the Green-Kubo[START_REF][END_REF]Baroni et al. 2020) formula:

Figure 2 . 3 :

 23 Figure 2.3: The configuration of different methods to calculate the thermal conductivity. The temperature directly are set in the hot and cold sink in the (a). By fixing (a) the temperature or (b) the heat flux, a temperature gradient are give using NEMD. (c)The reverse NEMD proposed by the Muller-Plathe model. (d) EMD

Figure 2

 2 Figure 2.5: (a) and (b) The simulation diagrams of AEMD and NEMD, respectively (Sheng et al. 2022). The system for AEMD is divided into two parts with each size of L/2. (c) The time evolution of temperature profiles (0, 25, 50, 100 ps) for the bulk crystalline silicon system with the half length of 125 nm, including the direct MD calculation with noisy color lines and smooth lines fitted to the equation (Palla et al. 2019).

Figure 2

 2 Figure 2.6: Density profiles of water nanoporous silicon system at 300 K, averaged every 20 ns. The core and shell region of the nanoconfined water are defined and marked in the figure.

  puted to further characterize the nano-confined water. As suggested by Ozkanlar et al.(Ozkanlar & Clark 2014), a H-bond is defined by the distance of H and O atoms from two different molecules within a distance of 2.5 Å and a O-H-O angle ψ between 145°and 185°, as shown in Fig.2.7. The cutoff distance is chosen at 10 Å. The geodesics (gd) is the shortest continuous path formed connecting any two water molecules, which indicates that the extent of localisation of network of any water.

Figure 2 . 7 :

 27 Figure 2.7: The left figure shows the definition of the intermolecular hydrogen bonds for water and the right one is the illustrations of geodesic length between any two water molecules.

Chapter 3 .

 3 Temperature Dependence of Thermal Conductivity of Nanoporous Crystalline Silicon via EMD Visual Abstract: (a) the thermal conductivity of nanoporous materials, (b) the density and pressure profiles and (c) mean square displacement of the water molecules confined in nanoporous materials.
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  Figure 3.1: The simulation models with the dimensions of the unit cell 8a 0 × 8a 0 × 8a 0 : (a) Crosssection at the middle of the simulation cell of the dry nanoporous silicon system with the specific sizes; (b) and (c) initial configuration of the nanohybrid system (water and silicon) with crystalline water filling the porous; (d) nanohybrid system after equilibrium.

Figure 3

 3 Figure 3.2: Thermal Conductivity of (a) crystalline silicon, (b) bulk water and (c) dry and wet nanoporous silicon with porosity of 15.51 % as a function of the temperature.
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  Figure 3.4: The interface thickness and density value of high and low peak in the interface as a function of temperature.

Figure 3

 3 Figure 3.5: The partial Radial Distribution Functions (RDF) of oxygen-oxygen atoms for different parts (core and shell) of nanohybrid water-nanoporous silicon system under different temperature.The core and shell contain all the O atoms. The core is a sphere with a radius of 9 Å centered at box. The shell surrounds the core as a spherical shell from the 11 to 15 Å from the center of core. When we calculate RDF, a reference O particle is chosen from the core or shell, another O is chosen from all of O atoms.

Figure 3 . 6 :

 36 Figure 3.6: The coordination number of oxygen atoms for different parts (core and shell) of nanohybrid water-nanoporous silicon system under different temperature.

Figure 3 . 7 :

 37 Figure 3.7: Radial distribution functions of oxygen-oxygen atoms of water molecules under different states. (a) The RDF of SPC/E and SPCG under supercritial condition at T=573 K and the density of 0.72 g/cm 3 , including the comparison between the e Neutron diffraction with isotopic substitution xperiment (NDIS) with solid line and the simulations with dotted line and dashed line (Chialvo & Cummings 1994). (b) The RDF of Ice. Use the lines for the experimental data and circles for computer simulation data (Sharp 2001). (c) The RDF of amorphous ice during cooling cycles at 160 K under different pressures, with SPC/E model using MD (Duki & Tsige 2018).

86

  Figure 3.8: Mean Square Displacement Function(MSD) and its log-log plot, and diffusion calculated using MSD as a function of temperature

Figure 3 . 9 :

 39 Figure 3.9: The Angle between the molecular dipole moment and the radial direction of oxygen atom in the same water molecule as a function of temperature. The radial angle value for center and shell region are both subject to the amplitude version of Gaussian peak function (GaussAmp) under different temperature conditions.

Figure 3 .

 3 Figure 3.11: Dipole angle distribution α of bonds O-H-O for one water molecule and its neighbor water.
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Figure 3

 3 Figure 3.12: Distribution of geodesic (gd) lengths found of water (a)in the pore, (b)core and (c)shell.

Figure 3 .

 3 Figure 3.13: The averaged euclidean distance for each geodesic length for 285, 300, 360 K.
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  Figure 3.15: (a) Vibrational density of states of the confined water and solid wall at the interface in the nanochannel. (b) The relation of the wettability with the ratio of the integration of interfacial solid and liquid area. (c) The temperature jump defined in the inset, as a function of wettability.
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  Chapter 4. Density Dependence of Thermal Conductivity of Nanoporous Crystalline Silicon via EMD Visual Abstract: (a) the thermal conductivity of nanoporous materials, (b) the density and pressure profiles and (c) radial distribution function of the water molecules confined in nanoporous materials. 4.1 Simulation details 4.1.1 Determination of the configuration

Figure 4

 4 Figure 4.1: The simulation models for the different densities of (a) 0.2, (b) 0.4, (c) 0.6, (d) 0.8, (c) 1.2 g/cm 3 . The upper and lower configurations (i) and (ii) represent the initial and equilibrium states of the system at the corresponding densities, respectively.
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  Figure 4.2: Thermal Conductivity of nanohybrid water-nanoporous silicon system as a function of effective density (initial density of water), with the MD data of bulk water

Figure 4

 4 Figure 4.4: The interface thickness and density value of high and low peak in the interface calculated through density profile as a function of effective density

Figure 4 . 5 :

 45 Figure 4.5: Axial and radial pressure profiles as a function of water density for the water confined in the carbon nanotube with the diameter of 1.28 nm (Sadeghi & Parsafar 2013).

Figure 4

 4 Figure 4.6: The Partial Radial Distribution Functions of O-O pair for different parts (core and shell) of nanohybrid water-nanoporous silicon system under different effective densities.

Figure 4

 4 Figure 4.7: Mean Square Displacement Function(MSD) and diffusion calculated using MSD as a function of effective density

Figure 4 . 8 :

 48 Figure 4.8: The Angle between the molecular dipole moment and the radial direction of oxygen atom in the same water molecule as a function of effective density. The radial angle value for center and shell region are both subject to the amplitude version of Gaussian peak function (GaussAmp) under different densities conditions. These values are quitely similar with the results of temperature effect.

Figure 4

 4 Figure 4.10: Distribution of geodesic (gd) lengths found of water with different effective densities (a)in the pore, (b)core and (c)shell.

  Fig.4.10 shows the analyse of geodesic length to evaluate the grade of connectivity within the hydrogen bond networks. As observed in Fig.4.10(a), the distribution of geodesic length for all cases are always in Gaussian shape, being same with the results in previous chapter. At the low density of 0.6 g/cm 3 , the gd profile has a peak value of 7 H-bonds with the distribution value of 12%, which is smaller than the other densities. For 0.8 g/cm 3 , the gd exhibits a higher and narrow distribution of geodesics centered around the mean value of 8 H-bonds. Associated with the results of thermal conductivity, a specific density of nanoconfined water which has a concentrated distribution of gd is conducive to heat propagation. In the contrast, the gd distribution for the higher effective densities becomes much broader with larger number of geodesics length greater than 10. It indicates that hydrogen bonds with much dispersed length of pathway is formed at high effective density. A comparison of the geodesic length for the water molecules in the core and shell can be found in the Fig.4.10(b). Basically, the water in the core are connected through the shorter hydrogen bonds pathway, which is accordance with the lower value observed of hydrogen bonds numbers in the core. The extremely dispersed value for the shell at 0.6 and 0.8 g/cm 3 , I think that it is caused by the low number of water molecules in the shell region after dividing two regions. So it takes a long pathway of hydrogen bonds to connect each other.

Figure 4 .

 4 Figure 4.11: Density of States for bulk water with black continuous line, nanoporous silicon without water with the grey continuous line, the one with confined water with water pointed lines, and the nanoconfined water in the pore with continuous lines, for different effective densities.
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•

  The effective thermal conductivities as a function of the effective initial density of wet nanoporous samples are depicted.
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 5 Figure 5.2: The transfer energy rate added into the nanoporous silicon with the confined water from the hot side and removed to the cold side.

Figure 5 . 3 :

 53 Figure 5.3: Thermal conductivity of the nanoporous silicon with the confined water with different length in one direction at room temperature, as well as the fitting curve.
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  Figure 5.4: Thermal conductivity of the nanoporous silicon with the confined water for different distribution of pores at room temperature, as well as the fitting curve.

Figure 5 . 5 :

 55 Figure 5.5: Density of stats for the nanoporous silicon with the confined water for different distribution of pores
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 5 Size and spatial distribution of nanoporous silicon with confined water on the effective thermal conductivity via NEMD

136Chapter 5 .

 5 Size and spatial distribution of nanoporous silicon with confined water on the effective thermal conductivity via NEMD

Figure

  Figure A.1: The simulation models for crystal and amorphous silica: (a) the unit cell of -Christobalite with the length of a = 7.46 Å, (b) the bulk system of crystal silica with the length of L = 44.76 Å, (c) the bulk and nanoporous amorphous silica in the (d) perspective and (e) front view after equilibrium.

  Figure A.2: The radial distribution functions of the nanoporous amorphous silica

Figure

  Figure A.4: Thermal Conductivities of nanoporous amorphous silica, compared with nanoporous crystalline silicon. The porosities are set as 0% (without pore) and 15.51 %. The label '*' signifies the value of bulk crystalline silicon is extracted from the Ref.(Callaway 1959), as same as the value in Sec.3.2.1
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  Table.2.1, collected by Ref.(Brini et al. 2017).

	58	Chapter 2. Molecular dynamics

Table 2 .

 2 1: Parameters of Some Water Molecular Models. Note that iAMOEBA is a polarizable water model.

	Model	SPC	SPC/E	TIP3P	iAMOEBA	TIP4P
	Type	a	a	a	a	b
	σ /Å	3.166	3.166	3.15061	3.6453	3.15365
	ε/J • mol -1	0.65	0.65	0.6364	0.8235	0.648
	l 1 /Å	1	1	0.9572	0.9584	0.9572
	l 1 /Å	-	-	-	-	0.15
	q 1 /e 0	0.41	0.4238	0.417	0.29701	0.52
	q 1 /e 0	-0.82	0.8476	-0.834	-0.59402	-1.04
	/deg	109.47	109.47	104.52	106.48	104.52
	δ /deg	-	-	-	-	52.26
		TIP4P-Ew	TIP4P/2005	ST2	TIP5P	TIP5P-Ew
	Type	b	b	c	c	c
	σ /Å	3.16435	3.1589	3.1	3.12	3.097
	ε/J • mol -1	0.680946	0.7749	0.31694	0.6694	0.7448
	l 1 /Å	0.9572	1	0.9572	0.9572	
	l 1 /Å	0.125	0.1546	0.8	0.7	0.7
	q 1 /e 0	0.52422	0.5564	0.24357	0.241	0.241
	q 1 /e 0	-1.04844	-1.1128	-0.24357	-0.241	-0.241
	/deg	104.52	104.52	109.47	104.52	104.52
	δ /deg	52.26	52.26	109.47	109.47	109.47

Table 2 .

 2 2: Interatomic potential parameters of Stillinger-Weber(SW), SW im , VBWN potentials, and Lennard-Jones(LJ)(Horn et al. 2004) used in the molecular dynamics simulation

		ε(eV)	σ (Å)	a	λ	γ	A	B	p	q
	SW	2.1683	2.0951	1.80 21.0 1.20 7.0496 0.6022 4.0 0.0
	SW im	1.04190 2.128117 1.80 31.0 1.10	19	0.65	3.5 0.5
	VBWM 1.64833	2.0951	1.80 31.0 1.20 7.0496 0.6022 4.0 0.5
			ε i j (kcal/mol) σ i j (Å)	q ii (e)	d i j (Å) θ i ji (°)	
		O-H	0	0			1.0	109.47	
		O-O	0.1553	3.166 -0.8476			
		H-H	0	0	0.4238			
		O-Si	0.3632	2.6305	0				

Table 3 .

 3 1: Thermal conductivity data for MD simulations of different water models SPC/E, TIP3P, TIP4P, TIP4P/2005, TIP5P obtained from Ref.

	Ref.

Model

T ave (K) k MD (W /(m • K))

Table 3

 3 

	.2: Diffusion coefficient for different temperatures of the nanoconfined water extracted by
	Fig.3.8	
	Temperature (K) 285 300 315 330 345 360
	Slope	1.03 0.93 0.89 1.04 0.95 0.93
	D (Å 2 /ps)	0.20 0.27 0.41 0.29 0.44 0.58

Table 4

 4 

					.1: The details of configuration				
	ρ e f f (g/cm 3 )	0.1	0.2	0.3	0.4	0.5	0.6	0.7	0.8	0.9	1.0	1.1	1.2
	Number of Water 31	69	104 135 168 196 236 259 305 343 370 409
	d O-O Å	6.69 5.30 4.64 4.21 3.91 3.68 3.50 3.34 3.12 3.10 3.00 2.92

Table 4

 4 

	.2: Diffusion coefficient for different effective densities of the nanoconfined water extracted
	by Fig.4.7			
	Density (g/cm 3 ) 0.6	0.8	1.0	1.2
	Slope	0.99 0.98 0.93 1.03
	D (Å 2 /ps)	0.21 0.25 0.27 0.1

Table 5 .

 5 1: The simulated details for the NEMD configurations.

	Porosity(%) Repetitions of the unit cell Length thermostat(Å) Total Length(Å) Total Number of Atoms
		2	86.88	130.32	13056
		5	217.2	260.64	26496
	15.51	10	434.4	477.84	48896
		15	651.6	695.04	71296
		20	868.8	912.24	93696

Table A .

 A 1: The interatomic potentials referenced for silica and water

	A.2.2.4 Summary												
	Notes		Bonds, Angles, VdW,	Coulomb	Born-Mayer for	short-range repulsion,	dispersion interaction,	coulomb	Chemical interaction	between Si/O/H	Rigid model for Si/O/H	Bonded, non-bonded	term	Coulomb, Buchkinghum	Combination 12-6 LJ of	O-O and O-Si
	Silica	PIM, TTAM	CHARMM water	contact(CWCA)		PN-TrAZ(2002)		ReaxFFSi/O/H	LR, CLAYFF, JA,	LRL	CHARMM, CVFF,	AMBER (12-6 LJ)	Modified BKS	Becke-Johnson	(BJ)
	Water	SPC	TIP3P		SPC		SPC/E	SPC/W	TIP3P	SPC/E	SPC/E
	Author	Tiffany R.Walsh(Walsh et al. 2000)	Cruz-Chu et al.(Cruz-Chu et al. 2006)		P A Bonnaud et	al.(Bonnaud et al. 2010)		Joseph C et al.(Fogarty et al. 2010)	Ian C. Bourg et	al.(Bourg & Steefel 2012)	Fateme S et al.(Emami et al. 2014)	Zambrano (Zambrano et al. 2014)	H. Gokberk Ozcelik et al.	(Ozcelik et al. 2020)
	Year	2000	2006		2010		2010	2012	2014	2014	2020

Table A .

 A 2: Interatomic potential parameters of BKS in the upper panel(Mantisi et al. 2012).

		O-O	Si-O	Si-Si
	A i j (eV )	1388.773	18003.7572	872360308.1
	B i j (Å -1 )	2.7601	4.8733	1522.0
	C i j (eV•Å 6 )	175.0	133.5381	23.299907
	D i j (Å•eV -12 )	142.383338	1.42402882	0.0
	E i j (eV•Å -1 )	-14.97811134	-3.24749265	0.0
	F i j (eV)	39.0602602165 -15.86902056	0.0
	r c,Rep (Å)			
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Chapter 5. Size and spatial distribution of nanoporous silicon with confined water on the effective thermal conductivity via NEMD 

System equilibrium and characterization

Table 5.2: The illustrations of NEMD configurations corresponding with the length of system.

Name Illustration

In Series (labeled as 'ins') Size distribution (labeled as 'size') Spatial distribution (labeled as 'spatial') Combined spatial/size distributions (labeled as 'combined')

The periodic boundary condition is applied in the vertical and lateral directions. In the longitudinal direction, fixed boundary conditions are achieved by forcing the inner atoms not interacting with outside of system in this direction.

All atoms are firstly set by an initial velocity at 300 K using Maxwell-Boltzmann distribution. Then with Nose-Hoover thermostat, NVT ensemble for 300 K is applied during 0.5 ns to reach an isothermal stable state. After that, the atoms in the first outer layers on the both side are fixed, while the ones in the second outer layers are still under NVT ensemble. The Nose-Hoover thermostat are alistic and effective expression of the BKS potential for those systems of length greater than r c,Coul .

However, there is an initial problem of Wolf model is that this truncated potential in Eq.A.3 leads to the discontinuous forces, which is not accepted for MD simulations. Hence, in the Ref. (Carré et al. 2007), the author multiplied the following function so as to make it continuous at r c,Coul and r c,Buck :

where the constant h Coul and h Buck were set to 0.5 (Mantisi et al. 2012).

Based on these considerations, B. Mantisi improved the Eq.A.6, by adding a repulsive part in order to avoid the collapse of atoms at short range r c,Rep at high pressure or temperature. The final potential established was proved to be useful to emulate the main feature and structure of amorphous silica glass both the elastic and plastic regime, under shear and pressure (Mantisi et al. 2012). Consequently, in his model, the BKS potential is described as:

The Tersoff potential function is used for many-body systems and is widely used for such as C-Si, Si-O interatomic interactions. It has been shown that the reparameterized Tersoff reproduces the bulk thermal properties better than the BKS potential [START_REF] Van Beest | Force fields for silicas and aluminophosphates based on ab initio calculations[END_REF], while being a much capable in the area on reproducing density of states (DOS) of bulk amorphous silica (Munetoh et al. 2007).

The arithmetic expressions of its potential function are as following:

This potential takes into account of all j and k atoms within the cut-off of R + D to i atom. The θ is the angle between bonds of atom i, j and i,k.

A.2.2.3 Potentials of the silica/water

Note that We have not conducted Silica/water studies. So this part is only for knowledge and hopefully it will be beneficial for the further research.

Since silica is an atomic crystal, the oxygen and silicon atoms occupying each lattice point act through covalent bonds, and there are no intermolecular forces. Therefore, when considering the role of water and silica, we can also consider only the interaction potential of the H, O atoms of the water molecule on the Si, O atoms of silica. Eduardo R. Cruz-Chu (Cruz-Chu et al. 2006) developed a potential function compatible with the CHARMM force field, which can take account into the stretching and bending contribution of bonds and angles, the VdW and electrostatic non-bonded atomic interactions. Under this force field, he found the sensitive control of electrostatic interaction between amorphous silica and water.

Duin et al. (Van Duin et al. 2003) first applied ReaxFF force field on the structural properties of pure silica and water systems. Based on this force field, chemical reactions between silica surface and water are described (Fogarty et al. 2010). A proton-transfer process that hydrogen atoms pass through the silica surface by associating and dissociating with O atom within bulk water, could be observed, leading to an electric potential difference within the solid/liquid interface. More potentials are presented in the