M Parsa 
  
M., S. Harmand K Parsa 
  
Sefiane 
  
  
  
  
  
  

I am grateful to many people from the University of Valenciennes for their insights and support in varying matters. I extend special thanks to the current and previous members of the LAMIH. Among them, I should mention Marie, Sabine, Celine, Fethi, Damien, Federico, Pin, Hiba, and Mira. Also, special thanks to Camila, Tariq and the other members of the "Los Amigos" collective for those afternoons and nonwork-related moments. I apologise to those who are not named here.

In addition, I met many kind people during my stay in Valenciennes. I should thank Mr. Patrick Marechal and his family and Prof. Nicole Bringel for their friendly companionship. To Patrick and his family: thank you for those weekends and your kind help.

I am also deeply grateful to my friends with whom I shared the pain and pleasure of living abroad and conducting research. To Naghmeh, Faeghe, Neda, and Sofia, although you had your own difficulties, thank you for your insight, help, and continuous support during those dark years. Image modified from Ref. [START_REF] Crivoi | Fingering structures inside the coffee-ring pattern, Colloids Surfaces A Physicochem[END_REF]. (b) Dot-like pattern inside the coffee-ring pattern. Image modified from Ref. [START_REF] Li | Evaporation stains: suppressing the coffeering effect by contact angle hysteresis[END_REF]. (c) Dendrite-shaped pattern inside the inner coffee-ring pattern. Image modified from Ref. [START_REF] Nguyen | Evaporation of nanoparticle droplets on smooth hydrophobic surfaces: The inner coffee ring deposits[END_REF]. (d) Crystal pattern enclosed within the crack pattern: (I) radial and orthoradial cracks in the peripheral part of the deposit, (II) dendrites in the central part of the deposit, and (III) inclusions in the central part of the deposit. Image modified from Ref. 

Chapter 1 Introduction

A part of this chapter is based on a manuscript submitted for publication in 2017.

The author of this thesis wrote the manuscript. Prof. S. Harmand and Prof. K. Sefiane supported the author in writing the manuscript and granted approval for the final version.

Background

Wetting is an omnipresent, fundamental physical phenomenon in our daily life and refers to the study of intermolecular interactions between contacting liquid and solid.

The phenomenon was likely first recognised by the Italian polymath Galileo Galilei (1564-1642) in 1612 who commented on spreading and wetting after the observation of a thin, dense flat solid floating on water while the free surface level of water was above the top of the solid [START_REF] Good | Contact angle, wetting, and adhesion: a critical review[END_REF][START_REF] Erbil | The debate on the dependence of apparent contact angles on drop contact area or three-phase contact line: A review[END_REF]. When a liquid makes contact with a solid surface, an evolution in the liquid profile occurs until thermodynamic equilibrium between the three phases of liquid, solid, and vapour is reached at the three-phase contact line where the phases intersect each other. This equilibrium refers to the balance between the interactions at the interfaces of solid-liquid, solid-vapour, and liquid-vapour. In 1805, about two centuries after Galilei recorded his significant observation, one of the most famous figures in scientific research on wetting, Thomas Young (1773-1829), related the interface force balances at the contact line to the observed contact angle adopted between the liquid and solid phases [START_REF] Young | An essay on the cohesion of fluids[END_REF]. Galilei did not understand the concept of surface tension at his time and as such was unable to measure the contact angle between the solid and liquid phases. Thus, his argument on wetting remained incomplete until Young introduced his famous explanation of the relation between contact angle and interfacial forces in the work titled "An essay on the cohesion of fluids" [START_REF] Good | Contact angle, wetting, and adhesion: a critical review[END_REF][START_REF] Young | An essay on the cohesion of fluids[END_REF]. Since then, many researchers have attempted to further understand the mechanisms related to phenomena such as wetting and dewetting. For example, Dussan [START_REF] Dussan | On the spreading of liquids on solid surfaces: static and dynamic contact lines[END_REF] and de Gennes [START_REF] De Gennes | Wetting: statics and dynamics[END_REF] contributed extensively to the description of the static and dynamics of the contact line, triggering further research for many practical applications such as microfluidics [START_REF] Squires | Microfluidics: Fluid physics at the nanoliter scale[END_REF], polymers [START_REF] Reiter | Dewetting of thin polymer films[END_REF], lithography [START_REF] Xia | Soft lithography[END_REF], and selfcleaning surfaces [START_REF] Neinhuis | Characterization and distribution of water-repellent, self-cleaning plant surfaces[END_REF].

It has been established that having a solid-liquid-vapour system, such as a liquid drop deposited on a solid substrate, in equilibrium state is rare because fluid sensitivity to variations in environmental conditions, i.e., pressure, temperature, leads to the transition from one phase to another. Phase change is a process in which molecules of a certain phase (solid, liquid, or vapour) lose or gain enough energy to shift into another phase. Evaporation is a type of phase change whereby liquid molecules near the air-liquid interface have sufficient energy to transition from liquid phase to gas phase. At the same time, the atmosphere around the drop surface should not be saturated with the vapour of the liquid.

Drop evaporation phenomenologically may seem a rather simple problem. However, from a scientific perspective, it is a complex issue and has been an important topic to research communities for more than a century. The earliest investigation into the evaporation of micrometre-sized droplets was reported by Gudris and Kulikowa in 1924 [START_REF] Gudris | Die verdampfung kleiner wassertropfen[END_REF]. Almost four decades later in 1962, Mangel and Baer [START_REF] Mangel | The evaporation of water drops from a "Teflon" surface[END_REF] were the first to study the evaporation of sessile droplets on solid surfaces. Since then, the effect of various parameters, including ambient conditions, substrate properties and roughness, on these volatile sessile droplets has been extensively explored. The evolution of droplet profiles and dynamics of the contact line are dependent on these parameters. The nature and characteristics of the flow structure inside the evaporating droplets can also be influenced by these parameters. Continuity and Marangoni flows are commonly observed flows within the evaporating droplets. The former is mainly an outward flow towards the contact line induced by mass conservation. However, the latter is driven by non-uniform variation of surface tension along the air-liquid interface of the droplet. In 1855, physicist James Thomson (1822-1892) was the first to correctly explain the "tears of wine" phenomenon [START_REF] Thomson | On certain curious motions observable at the surfaces of wine and other alcoholic liquors[END_REF], which accounts for the tear-like droplets moving down a wineglass above the wine's surface. Thomson argued that the spontaneous motion on the wine's surface is due to surface tension gradients arising from non-uniform evaporation of alcohol [START_REF] Thomson | On certain curious motions observable at the surfaces of wine and other alcoholic liquors[END_REF]. As alcohol has a lower surface tension and higher volatility than water, the evaporation of alcohol results in local concentration gradients on the liquid-free surface. This process causes a surface tension gradient, prompting the liquid to move upward on the glass and form a thin film. Eventually, this liquid film converges to tear-like droplets that roll down into the bulk of wine along the glass. Although Thomson's publication was published first, this phenomenon was named after Italian physicist Carlo Giuseppe Matteo Marangoni (1840-1925) for his doctorate thesis titled "On the spreading of liquid droplets". In this publication, Marangoni reported that surface tension gradients can not only result from variations in chemical composition but also from temperature [START_REF] Maranogni | Sull' espansione delle gocce liquide[END_REF]. The Marangoni effect, i.e., that this phenomenon is driven only by a temperature gradient, is generally known as the thermocapillary effect.

Another topic that has attracted great interest amongst researchers in the past two decades is the evaporation of sessile droplets containing insoluble particles. The pioneering works of Deegan and colleagues [START_REF] Deegan | Capillary flow as the cause of ring stains from dried liquid drops[END_REF][START_REF] Deegan | Contact line deposits in an evaporating drop[END_REF][START_REF] Deegan | Pattern formation in drying drops[END_REF] has demonstrated that particles can be moved towards the pinned contact line due to a convective outward flow and thus deposited at the droplet edge, forming a ring-like deposition pattern. This phenomenon is known as the "coffee-ring" effect. Following these pioneering publications, the evaporation of colloidal sessile droplets to control the morphology of deposition patterns left behind has been the subject of numerous studies for varying scientific and industrial applications [START_REF] Sefiane | Patterns from drying drops[END_REF][START_REF] Zhong | Sessile nanofluid droplet drying[END_REF]. The studies investigating the drying of colloidal suspension droplets have revealed that there are different mechanisms behind the final particles' distribution including the dynamics of the inner flow, evaporation kinetics, dynamics of the contact line, evolution of the droplet profile, and interparticle and interfacial interactions. These mechanisms that may lead to the formation of particular deposition patterns can be modified and controlled by manipulating of a series of factors such as solute (e.g., size, concentration) [START_REF] Chon | Effect of nanoparticle sizes and number densities on the evaporation and dryout characteristics for strongly pinned nanofluid droplets[END_REF][START_REF] Brutin | Influence of relative humidity and nano-particle concentration on pattern formation and evaporation rate of pinned drying drops of nanofluids[END_REF], base fluid composition (e.g., surfactant) [START_REF] Still | Surfactant-induced Marangoni eddies alter the coffee-rings of evaporating colloidal drops[END_REF][START_REF] Zhong | Evaporation of sessile droplets affected by graphite nanoparticles and binary base fluids[END_REF][START_REF] Parsa | Evaporation of binary mixture nanofluid drops: Pattern formation[END_REF][START_REF] Parsa | Patterns from dried water-butanol binary-based nanofluid drops[END_REF], environmental conditions (e.g., temperature, pressure) [START_REF] Askounis | The effect of evaporation kinetics on nanoparticle structuring within contact line deposits of volatile drops[END_REF][START_REF] Parsa | Effect of substrate temperature on pattern formation of nanoparticles from volatile drops[END_REF], etc. Therefore, understanding the effects of the aforementioned factors is critical for both the control and reproducibility of the deposition patterns [START_REF] Sefiane | Patterns from drying drops[END_REF][START_REF] Zhong | Sessile nanofluid droplet drying[END_REF].

In addition to these findings, another topic of interest is the evaporation of sessile droplets of complex fluids such as nanofluids, polymer suspensions, and biological fluids. The first study examining the dried patterns of biological fluids was conducted in the former Soviet Union about three decades ago [27]. Interestingly, it was later found that drying of the urine droplets of patients with urolithiasis would form a distinct pattern [START_REF] Rapis | A change in the physical state of a nonequilibrium blood plasma protein film in patients with carcinoma[END_REF]. After these observations, the Ministry of Health of Russia developed the so-called "Litos" test system, which provides a preclinical diagnosis of urolithiasis [START_REF] Shabalin | Patent: Method of diagnosing complicated urolithiasis and prognosticating urolithiasis[END_REF]. In recent years, researchers have closely studied the pattern formation of biofluids (e.g., blood, tears, serum), which can be used as fast and cost-effective tools for the diagnosis of certain diseases [START_REF] Gorr | Salt-induced pattern formation in evaporating droplets of lysozyme solutions[END_REF][START_REF] Brutin | Pattern formation in drying drops of blood[END_REF][START_REF] Bou Zeid | Influence of relative humidity on spreading, pattern formation and adhesion of a drying drop of whole blood, Colloids Surfaces A Physicochem[END_REF][START_REF] Bou Zeid | Influence of evaporation rate on cracks' formation of a drying drop of whole blood, Colloids Surfaces A Physicochem[END_REF][START_REF] Bou-Zeid | Effect of relative humidity on the spreading dynamics of sessile drops of blood, Colloids Surfaces A Physicochem[END_REF][START_REF] Chen | Blood drop patterns: Formation and applications[END_REF]. Studying biofluid droplets is complicated as they consist of various components (e.g., electrolytes, proteins) that can interact and thus influence the underlying mechanisms involved in pattern formation [START_REF] Sefiane | Patterns from drying drops[END_REF]. Polymer solutions are also complex fluids, i.e., non-Newtonian fluids, and the mechanisms underpinning evaporation are not well understood [START_REF] Sefiane | Patterns from drying drops[END_REF]. Polymers play an important role in the study of droplet evaporation.

For example, they are often added to the base fluids to modify the pattern formation for inkjet printing applications. A novel type of complex fluids are nanofluids, which arise from the dispersion of metallic or non-metallic particles with at least one dimension in the nanoscale (< 100 nm) into a base fluid [START_REF] Choi | Enhancing thermal conductivity of fluids with nanoparticles[END_REF]. Since 1995, the number of studies examining the evaporation of nanofluids has been rapidly increasing due to the range of applications for cooling electronics [START_REF] Nguyen | Heat transfer enhancement using Al2O3-water nanofluid for an electronic liquid cooling system[END_REF], boiling [START_REF] Barber | A review on boiling heat transfer enhancement with nanofluids[END_REF], solar energy [START_REF] Taylor | Applicability of nanofluids in high flux solar collectors[END_REF], medicine [START_REF] Peer | Nanocarriers as an emerging platform for cancer therapy[END_REF], and the automotive industry [START_REF] Kao | Copper-oxide brake nanofluid manufactured using arc-submerged nanoparticle synthesis system[END_REF]. Although myriad studies have investigated the applicability of nanofluids, a comprehensive understanding of the mechanisms underpinning the drying of nanofluid droplets and their pattern formation remains elusive.

Overall Aims and Specific Objectives

The rapidly increasing number of studies on particulate deposition of droplets is due to the fast-growing demand for its applications in fields such as inkjet printing [START_REF] Sirringhaus | High-resolution inkjet printing of all-polymer transistor circuits[END_REF][START_REF] Kawase | Inkjet printed via-hole interconnections and resistors for all-polymer transistor circuits[END_REF][START_REF] De | Inkjet printing of polymers: State of the art and future developments[END_REF], paints, nanotechnology [START_REF] Dan | Templating of self-alignment patterns of anisotropic gold nanoparticles on ordered SWNT macrostructures[END_REF], and biomedicine [START_REF] Gorr | Salt-induced pattern formation in evaporating droplets of lysozyme solutions[END_REF][START_REF] Yakhno | Salt-induced protein phase transitions in drying drops[END_REF][START_REF] Sefiane | On the formation of regular patterns from drying droplets and their potential use for bio-medical applications[END_REF]. Despite the importance of controlling deposition patterns and the numerous published studies on the topic, the mechanisms behind the deposition morphology of droplets are also not yet fully understood [START_REF] Sefiane | Patterns from drying drops[END_REF]. Drying of even pure sessile droplets is a complex and difficult-to-control phenomenon and thus, much research on the drying of droplets from complex fluids is required.

The overall aim of this experimental research is to link the materials science, physics, chemistry, and engineering fields by assembling various techniques and methods to address problems that remain. Optical microscopy, infrared thermography, and white light interferometry techniques are widely used and their advantages to these fields are established. This thesis focuses on the effects several factors have on the pattern formation of drying sessile droplets from complex fluids including nanofluids and polymer solutions. Specifically, these factors are substrate temperature, composition of the base fluid, and the size of the particles. To determine how these factors affect the final patterns and mechanisms involved in the formation of those patterns, the flow structure and deposition of particles inside drying droplets are analysed by using a combination of the aforementioned techniques.

Outline of this Thesis

This thesis is organised into six chapters. The first and second chapters present scientific background and a review of other researchers' work to introduce the concepts discussed in this thesis. The structure of Chapter 2 is as follows: first, an introduction to the fundamentals of the wetting phenomenon, which is closely involved with the evaporation of sessile droplets, is provided; and second, the evaporation modes of drying droplets and the most important internal flow fields are described. Furthermore, Chapter 2 introduces the most common deposition patterns left behind on solid substrates after the full evaporation of sessile colloidal droplets.

Finally, the effects of several important factors on pattern formation and significant findings are explained. The subsequent chapters present the results obtained from the present research. 

Chapter 2 Literature Review

This chapter is based on a manuscript submitted for publication in 2017. The author wrote the manuscript with the support of Prof. S. Harmand and Prof. K. Sefiane, who also granted approval for the final version.

Wetting and Droplets

Wetting is a ubiquitous phenomenon in nature and technology, and is defined as the ability of a liquid to spread/wet either a solid surface or immiscible liquid. The phenomenon is an area where physics, chemistry, and engineering intersect [START_REF] Bonn | Wetting and spreading[END_REF].

Researchers have studied the origins of wetting for hundreds of years [START_REF] Extrand | Origins of wetting[END_REF]. Many of the studies conducted in the last 100 years have assumed it is controlled by the molecular interactions within the interfacial contact area between the liquid and solid [START_REF] Extrand | Origins of wetting[END_REF]. However, there are now abundant studies showing that the phenomenon is determined by the interactions of the liquid and solid in the vicinity of the threephase contact line (or the triple line) alone [START_REF] Extrand | Origins of wetting[END_REF]. From the nanoscopic perspective, the contact line is the three-dimensional space where the solid-liquid interface meets the liquid-vapour interface (Figure 2.1) [START_REF] Extrand | Origins of wetting[END_REF]. In other words, the molecules of the liquid, solid, and vapour phases interact with each other at the contact line. When a liquid droplet is deposited on a solid substrate, three main boundaries can be macroscopically seen: a solid (the substrate), a liquid (the solvent), and a vapour phase (the surrounding air) (Figure 2.2). The contact line is created at the droplet's edge where the three phases of liquid, vapour, and solid meet, as shown in Figure 2.2. Therefore, there are three interfacial tensions between each two phases: liquidvapour (𝜎 𝑙𝑣 ), solid-liquid (𝜎 𝑠𝑙 ), and solid-vapour (𝜎 𝑠𝑣 ). Immediately after a droplet is gently deposited on an ideal, flat, smooth, and homogenous substrate, it spreads on the substrate due to the interactions of adhesive and cohesive forces. Then, when the three phases reach a thermodynamic equilibrium, the droplet stops spreading on the substrate and forms an equilibrium contact angle. The contact angle (𝜃) is the tangent of the droplet profile at the contact line, and it quantifies the extent to which the liquid is wetting the solid substrate. In 1805, Young was the first to express the relation between the equilibrium contact angle and the three interfacial tensions in words without proof [START_REF] Young | An essay on the cohesion of fluids[END_REF]. Later, in 1869, Dupré described Young's statement mathematically in his work, which is widely known as Young's equation [START_REF] Dupré | Théorie mécanique de la chaleur[END_REF]:

𝜎 𝑠𝑣 = 𝜎 𝑠𝑙 + 𝜎 𝑙𝑣 × cos 𝜃 (1.1)
According to Young's equation, there are three different possible wetting states, as shown in Figure 2.3. First, the liquid partially wets the surface if the contact angle is less than 90° (Figure 2.3b). Second, if the contact angle is zero, the liquid completely wets the surface; this is known as the perfect wetting state (Figure 2.3a). In contrast, if the contact angle is above 90°, the third state, non-wetting or bad wetting, is assumed (Figure 2.3c).

Young's equation is valid only for the system that meets the ideal conditions where the solid surfaces are flat, rigid, and chemically homogenous at an atomic scale [START_REF] Erbil | The debate on the dependence of apparent contact angles on drop contact area or three-phase contact line: A review[END_REF].

If the solid surface is not truly homogenous, hysteresis of the contact angle occurs, and this angle (𝜃) lies between an advancing (𝜃 𝑎 ) and receding (𝜃 𝑟 ) contact angle.

Thus, on practical surfaces, contact angle hysteresis (CAH) can be defined as the difference between the advancing and receding contact angles:

CAH ≡ 𝜃 𝑎 -𝜃 𝑟 (1.2)
The value of CAH ranges from 10° to larger. Sometimes, a value of 50° or more has been reported [START_REF] Erbil | The debate on the dependence of apparent contact angles on drop contact area or three-phase contact line: A review[END_REF].

From the microscopic point of view, there is a very thin liquid film in front of the contact line of drops on substrates (inset in Figure 2.2), which can influence the contact angles [START_REF] Kavehpour | Microscopic and macroscopic structure of the precursor layer in spreading viscous drops[END_REF]. Moreover, real solid surfaces are seldom truly smooth, and the actual (or microscopic) contact angle has not been experimentally observed [START_REF] Chen | Wetting and drying of colloidal droplets: Physics and pattern formation[END_REF].

Thus, the shape of a droplet on a real solid surface is determined with the apparent (or macroscopic) contact angle (Figure 2.2). The value of the contact angle is indicative of the wettability of the solid surface. A surface can be regarded as hydrophobic (with low wettability) when the contact angle is higher than 90°, or as hydrophilic (with high wettability) when the contact angle is below 90°.

Based on the above discussion, the nature of the interfacial interactions is of high importance as they affect wetting, and these parameters play a crucial role in many industrial applications such as oil recovery, inkjet printing, painting, and thin film coatings [START_REF] Prabhu | Effect of substrate surface roughness on wetting behaviour of vegetable oils[END_REF][START_REF] Sakai | Effect of surface structure on the sustainability of an air layer on superhydrophobic coatings in a water-ethanol mixture[END_REF][START_REF] Son | Spreading of an inkjet droplet on a solid surface with a controlled contact angle at low Weber and Reynolds numbers[END_REF][START_REF] Perelaer | One-step inkjet printing of conductive silver tracks on polymer substrates[END_REF]. Bad wetting or non-wetting is shown with a contact angle equal to or higher than 90°.

Sessile Droplet Evaporation

A sessile droplet is a liquid droplet that is placed on a solid substrate where its contact line limits the wetted contact area between the liquid and the solid surface; it is characterised by droplet height (𝐻), radius (𝑅), and contact angle (𝜃). The droplet evaporates if the atmosphere around its interface is not saturated with the vapour of the solvent. Evaporation of sessile droplets is an important topic of interest for many applications such as micro-electronic cooling [START_REF] Bar-Cohen | Direct liquid cooling of high flux micro and nano electronic components[END_REF], medical diagnostic techniques [START_REF] Gorr | Salt-induced pattern formation in evaporating droplets of lysozyme solutions[END_REF][START_REF] Yakhno | Salt-induced protein phase transitions in drying drops[END_REF], nanotechnology [START_REF] Dan | Templating of self-alignment patterns of anisotropic gold nanoparticles on ordered SWNT macrostructures[END_REF], painting, and printing [START_REF] Sirringhaus | High-resolution inkjet printing of all-polymer transistor circuits[END_REF][START_REF] Kawase | Inkjet printed via-hole interconnections and resistors for all-polymer transistor circuits[END_REF][START_REF] De | Inkjet printing of polymers: State of the art and future developments[END_REF], among others. Thus, it has attracted the attention of researchers and has led to a rapid increase in the number of publications on the topic since the 1980s.

Evaporation modes

Evaporation of sessile droplets tends to show four modes, all of which are depicted in Figure 2.4. These four evaporation modes are [START_REF] Zhang | Mixed mode of dissolving immersed nanodroplets at a solid-water interface[END_REF]:

i. The constant contact radius (CCR) mode, where the contact line is pinned and the contact radius and the wetted contact area between the droplet and substrate remain constant, whereas the contact angle decreases with time (Figure 2.4a). There is a linear evolution of volume loss with time, revealing a constant evaporation rate for the CCR mode [START_REF] Panwar | Effect of evaporation on the contact angle of a sessile drop on solid substrates[END_REF][START_REF] Birdi | A study of the evaporation rates of small water drops placed on a solid surface[END_REF][START_REF] Hu | Evaporation of a sessile droplet on a substrate[END_REF]. This mode is often seen with sessile droplets on rough substrates.

ii. The constant contact angle (CCA) mode, where the wetted contact area shrinks and the contact angle remains unchanged, leading to a non-linear decrease of volume with time (Figure 2.4b) [START_REF] Erbil | Drop evaporation on solid surfaces: Constant contact angle mode[END_REF][START_REF] Mchale | Evaporation and the wetting of a low-energy solid surface[END_REF]. On smooth hydrophobic substrates, droplet evaporation is typically in the CCA mode.

iii. The mixed mode, where the evaporation mode gradually changes into another mode (Figure 2.4c) and sometimes both the radius and contact angle decrease simultaneously [START_REF] Zhang | Mixed mode of dissolving immersed nanodroplets at a solid-water interface[END_REF][START_REF] Picknett | The evaporation of sessile or pendant drops in still air[END_REF]. One of the most reported behaviours is the transition from CCR to CCA (Figure 2.4c) [START_REF] Zhang | Mixed mode of dissolving immersed nanodroplets at a solid-water interface[END_REF].

The "stick-slip" mode, where the droplet is in the CCR mode (corresponding to a "stick" phase), but the contact line suddenly slips/depins into a new position, leading to a smaller contact radius when the contact angle reaches a threshold, minimum value (corresponding to a "slip" phase). Then, the droplet is again in the CCR mode ("stick" phase) until the next depinning occurs. This pinning/stick and depinning/slip of the contact line may occur several times until the evaporation is complete (Figure 2.4d). The stick phase lasts longer and accounts for the majority of the droplet lifetime, whereas the slip phase occurs rapidly. In 1995, Shanahan introduced a simple theory for the stick-slip evaporation mode [START_REF] Shanahan | Simple theory of "Stick-Slip" wetting hysteresis[END_REF]. According to Shanahan [START_REF] Shanahan | Simple theory of "Stick-Slip" wetting hysteresis[END_REF] and colleagues [START_REF] Askounis | The effect of evaporation kinetics on nanoparticle structuring within contact line deposits of volatile drops[END_REF][START_REF] Orejon | Stick-Slip of evaporating droplets: Substrate hydrophobicity and nanoparticle concentration[END_REF][START_REF] Askounis | Surface nano-patterning using the coffee-stain effect[END_REF], when a sessile droplet is in a thermodynamic equilibrium, the free surface/interfacial energies of the system are at their minimum level. The decrease in the contact angle of the pinned droplet leads to an increase in this free energy above an energy barrier [START_REF] Askounis | The effect of evaporation kinetics on nanoparticle structuring within contact line deposits of volatile drops[END_REF][START_REF] Askounis | Surface nano-patterning using the coffee-stain effect[END_REF]. The pinning effect is also attributed to a potential energy barrier. When the excess free energy attains the energy barrier at a critical contact angle, the system has sufficient energy to overcome the energy barrier. Hence, the contact line slips to a new equilibrium position to dissipate the excess free energy [START_REF] Askounis | The effect of evaporation kinetics on nanoparticle structuring within contact line deposits of volatile drops[END_REF][START_REF] Askounis | Surface nano-patterning using the coffee-stain effect[END_REF]. The droplet evaporation may proceed with the successive repetition of this cycle of the stick and slip phases. 

Flow fields within a drying droplet

The study of the effects of different flow fields within an evaporating sessile droplet is an important area in this research field. The capillary and Marangoni flows are two important flows commonly observed inside drying sessile droplets.

Once the contact line of a droplet is pinned on the solid surface, the fluid flows radially from the central region of the droplet towards the droplet edge due to the enhanced evaporation rate at the contact line. This radially outward flow replenishes the evaporated liquid at the edge, known as the capillary flow (Figure 2.5a) [START_REF] Deegan | Capillary flow as the cause of ring stains from dried liquid drops[END_REF][START_REF] Sempels | Auto-production of biosurfactants reverses the coffee ring effect in a bacterial system[END_REF][START_REF] Hu | Analysis of the microfluid flow in an evaporating sessile droplet[END_REF]. Within this particular flow field, the evaporating droplet usually follows CCR, where the radius is constant and the contact angle decreases [START_REF] Sefiane | Patterns from drying drops[END_REF][START_REF] Zhong | Sessile nanofluid droplet drying[END_REF][START_REF] Chen | Wetting and drying of colloidal droplets: Physics and pattern formation[END_REF].

The Marangoni flow is driven by the surface tension gradient along the free surface of the droplet [START_REF] Hu | Analysis of the effects of Marangoni stresses on the microflow in an evaporating sessile droplet[END_REF]. This surface tension gradient is induced by the non-monotonous distribution of local temperature [START_REF] Hu | Analysis of the effects of Marangoni stresses on the microflow in an evaporating sessile droplet[END_REF][START_REF] Ward | Turbulent transition of thermocapillary flow induced by water evaporation[END_REF] and/or concentration along the liquid-vapour interface [START_REF] Still | Surfactant-induced Marangoni eddies alter the coffee-rings of evaporating colloidal drops[END_REF][START_REF] Sempels | Auto-production of biosurfactants reverses the coffee ring effect in a bacterial system[END_REF][START_REF] Hu | Analysis of the effects of Marangoni stresses on the microflow in an evaporating sessile droplet[END_REF]. Usually, the flow is called the thermocapillary flow (or thermal Marangoni) in the case of the temperature gradient, and solutal Marangoni in the case of the concentration gradient. In an evaporating droplet, the liquid tends to flow from lower surface tension regions towards higher surface tension regions, creating Marangoni convection (Figure 2.5b). Therefore, the direction of the Marangoni flow can change depending on how the surface tension is distributed along the interface.

Kim et al. [START_REF] Kim | Polymer transports inside evaporating water droplets at various substrate temperatures[END_REF] showed that the direction of the Marangoni flow can be changed within a water droplet containing polymers by controlling the substrate temperature.

In the case of heated substrates, the temperature at the edge is higher than that at the apex, and the evaporation is enhanced at the edge, leading to the non-uniformity of the evaporation rate along the interface. As the surface tension of water decreases with increasing temperature, the liquid flows from the edge towards the top of the droplet along the interface (Figure 2.6a) [START_REF] Kim | Polymer transports inside evaporating water droplets at various substrate temperatures[END_REF]. Conversely, cooled substrates generate the Marangoni flow in the opposite direction (Figure 2.6b) [START_REF] Kim | Polymer transports inside evaporating water droplets at various substrate temperatures[END_REF].

The co-occurrence of the capillary and Marangoni flows inside the droplets is possible when the solvent evaporation causes a thermodynamic and/or hydrodynamic instability [START_REF] Parsa | Effect of substrate temperature on pattern formation of nanoparticles from volatile drops[END_REF][START_REF] Zhang | Surface wrinkling and cracking dynamics in the drying of colloidal droplets[END_REF]. Kim et al. [START_REF] Kim | Polymer transports inside evaporating water droplets at various substrate temperatures[END_REF] found that the capillary flow is stronger than the Marangoni flow when the substrate is heated, whereas the opposite is true in the case of cooled substrates. 

Dried Patterns Formed by Particles on the

Substrate

Drying liquid that contains non-volatile solutes is ubiquitous in daily life and nature, such as tea/coffee stains on solid surfaces, or rings of dust particles from dried rain drops on windows. The drying of sessile droplets with suspended particles forms various deposit patterns on solid surfaces. These interesting and complex patterns have a significant influence in many applications such as biology [START_REF] Gorr | Salt-induced pattern formation in evaporating droplets of lysozyme solutions[END_REF][START_REF] Yakhno | Salt-induced protein phase transitions in drying drops[END_REF][START_REF] Dugas | Droplet evaporation study applied to DNA chip manufacturing[END_REF],

complex assembly [START_REF] De | Inkjet printing of polymers: State of the art and future developments[END_REF], printing [START_REF] Sirringhaus | High-resolution inkjet printing of all-polymer transistor circuits[END_REF][START_REF] Park | Control of colloidal particle deposit patterns within picoliter droplets ejected by ink-jet printing[END_REF], and nanotechnology [START_REF] Dan | Templating of self-alignment patterns of anisotropic gold nanoparticles on ordered SWNT macrostructures[END_REF], among others.

Numerous studies have been published over the past decades to improve the understanding and controlling of the deposition morphologies [START_REF] Sefiane | Patterns from drying drops[END_REF][START_REF] Zhong | Sessile nanofluid droplet drying[END_REF][START_REF] Chen | Wetting and drying of colloidal droplets: Physics and pattern formation[END_REF].

Macroscopic effects such as internal flow structure [START_REF] Deegan | Contact line deposits in an evaporating drop[END_REF][START_REF] Hu | Marangoni effect reverses coffee-ring depositions[END_REF][START_REF] Majumder | Overcoming the "coffee-stain" effect by compositional Marangoni-flow-assisted drop-drying[END_REF][START_REF] Thokchom | Characterizing self-assembly and deposition behavior of nanoparticles in inkjet-printed evaporating droplets[END_REF] and dynamics of the contact line [START_REF] Orejon | Stick-Slip of evaporating droplets: Substrate hydrophobicity and nanoparticle concentration[END_REF][START_REF] Park | Control of colloidal particle deposit patterns within picoliter droplets ejected by ink-jet printing[END_REF][START_REF] Kuncicky | Surface-guided templating of particle assemblies inside drying sessile droplets[END_REF][START_REF] Moffat | Effect of TiO2 nanoparticles on contact line stick-slip behavior of volatile drops[END_REF], and microscopic effects such as particle-interface/particleparticle interaction [START_REF] Bhardwaj | Self-assembly of colloidal particles from evaporating droplets: Role of DLVO interactions and proposition of a phase diagram[END_REF][START_REF] Bigioni | Kinetically driven self assembly of highly ordered nanoparticle monolayers[END_REF][START_REF] Li | Rate-dependent interface capture beyond the coffee-ring effect[END_REF] significantly affect the morphologies of the final deposits. The best-known deposit patterns are described in the following subsections.

Coffee-ring pattern

When a droplet of coffee completely evaporates on a solid surface, it leaves behind a ring-like deposit, known as the coffee-ring pattern (see Figure 2.7). The related flow to this pattern is called the outward capillary flow. The geometrical constraint of the droplet behind this effect was explained in the pioneering work of Deegan and colleagues in 1997 [START_REF] Deegan | Capillary flow as the cause of ring stains from dried liquid drops[END_REF]. They also studied the growth rate of the deposited ring, and the flow velocity and distribution of the particles inside the droplet [START_REF] Deegan | Contact line deposits in an evaporating drop[END_REF]. During the formation of this pattern, the evaporating droplet is in the CCR mode, thus the droplet keeps its shape as a spherical cap. The height of the pinned droplet is decreased, and the flow is hence pushed outward by the free surface. As the droplet is in the CCR mode and the radius is constant, liquid evaporated at the contact line must be replaced by liquid from the bulk (i.e., the centre of the drop). Thus, an outward flow inside the pinned droplet carries suspended particles towards the edge, leading to deposition of the particles near the contact line (Figure 2.8a). After complete evaporation, a ring of concentrated particles can be seen at the perimeter of the droplet, forming the coffee-ring pattern (Figure 2.8a) [START_REF] Deegan | Capillary flow as the cause of ring stains from dried liquid drops[END_REF][START_REF] Chen | Blood drop patterns: Formation and applications[END_REF]. Uno et al. [START_REF] Uno | Particle adsorption in evaporating droplets of polymer latex dispersions on hydrophilic and hydrophobic surfaces[END_REF] studied the dried deposit of droplets on hydrophilic substrates. They found that thin layers of particle aggregates were formed at the perimeter of the droplet (Figure 2.9)

and thus hindered the decrease of the wetted contact area (self-pinning). The rapid evaporation at the upper side of the layer induced the adsorption of particles to the substrate in the layer, forming the coffee-ring pattern. Thus, according to these explanations, there are two prerequisites for the coffee-ring effect: one is the droplet pinning (CCR); and the other is the higher evaporation rate at the pinned contact line than in the rest of the droplet. Later, Hu and Larson [START_REF] Hu | Marangoni effect reverses coffee-ring depositions[END_REF] demonstrated that the two conditions of the pinned contact line and continuous evaporation of liquid alone are not sufficient to form the coffee-ring pattern; the suppression of a Marangoni flow is also required. The authors found that some particles deposit at the central region of the droplet due to a recirculating Marangoni flow induced by the surface tension gradient resulting from the evaporation [START_REF] Hu | Marangoni effect reverses coffee-ring depositions[END_REF]. Therefore, the Marangoni flow should be either reduced or eliminated by manipulating some parameters (i.e., substrate temperature) to create the coffee-ring pattern. Furthermore, besides the aforementioned conditions, droplet size is also an important factor for creating the coffee-ring pattern [START_REF] Shen | Minimal size of coffee ring structure[END_REF]. Shen et al. [START_REF] Shen | Minimal size of coffee ring structure[END_REF] showed that a very rapid evaporation process inhibits a successful coffee-ring formation, as the suspended particles do not have sufficient time to reach and deposit at the edge. The authors experimentally demonstrated that a lower limit of droplet size exists for the coffee-ring pattern. For particle concentration above a critical value, the lower limit of the droplet size can be estimated by the competition between liquid evaporation and the diffusive particle motion inside the droplet. The authors found the minimum diameter of the droplet with the coffee-ring pattern to be approximately 10 nm for the particle size of 100 μm [START_REF] Shen | Minimal size of coffee ring structure[END_REF]. 

Uniform pattern

Much attention has been devoted to altering the coffee-ring effect, as uniform deposition patterns are required in many research fields such as coating [START_REF] Kim | Controlled uniform coating from the interplay of Marangoni flows and surface-adsorbed macromolecules[END_REF], inkjet printing [START_REF] Park | Control of colloidal particle deposit patterns within picoliter droplets ejected by ink-jet printing[END_REF], and biological assays [START_REF] Seo | Altering the coffee-ring effect by adding a surfactant-like viscous polymer solution[END_REF]. However, such patterns are not easy to achieve due to the domination of the coffee-ring effect inside the droplet [START_REF] Seo | Altering the coffee-ring effect by adding a surfactant-like viscous polymer solution[END_REF]. As mentioned in the previous section, the evaporation of droplets in CCR mode with either the sufficient suppression or elimination of the Marangoni effect leads to the formation of the coffee-ring pattern. In the case of a high concentration of particles, a drying droplet in CCR (with the negligible Marangoni effect) may leave a ring-like pattern, but with a uniform distribution of particles in the region enclosed by the ring [START_REF] Orejon | PhD thesis: A study of nanosuspension droplets free evaporation and electrowetting[END_REF][START_REF] Sefiane | On the role of structural disjoining pressure and contact line pinning in critical heat flux enhancement during boiling of nanofluids[END_REF] (Figure 2.10). As an example, in Thokchom et al.'s [START_REF] Thokchom | Characterizing self-assembly and deposition behavior of nanoparticles in inkjet-printed evaporating droplets[END_REF] study, a monolayered, uniform nanoparticle structure was left behind after the dry-out of droplets on hydrophilic substrates in which the Marangoni effect was completely suppressed and the outward capillary flow dominated in the flow field. The concentration of nanoparticles was slightly higher than the theoretical concentration for filling the wetted contact area, inhibiting the coffee-ring effect.

The alteration of the internal flow may also form uniform patterns. Majumder et al. [START_REF] Majumder | Overcoming the "coffee-stain" effect by compositional Marangoni-flow-assisted drop-drying[END_REF] showed that the recirculating Marangoni flow within a droplet on a hydrophilic substrate prevents particles from accumulating at the pinned edge and transports them towards the top of the droplet along the air-liquid interface (see Figure 2.8b).

The Marangoni flow keeps the particle concentration homogenised, inhibiting the coffee-ring pattern and forming a uniform pattern instead (Figure 2.8b).

Uniform patterns can also be formed by controlling the evaporation kinetics and/or interactions inside the droplet (i.e., particle-particle, particle-substrate, and particleliquid interactions) [START_REF] Bigioni | Kinetically driven self assembly of highly ordered nanoparticle monolayers[END_REF][START_REF] Li | Rate-dependent interface capture beyond the coffee-ring effect[END_REF][START_REF] Anyfantakis | Manipulating the coffee-ring effect: Interactions at work[END_REF]. Bigioni et al. [START_REF] Bigioni | Kinetically driven self assembly of highly ordered nanoparticle monolayers[END_REF] reported the creation of a highly uniform, long-range-ordered compact monolayer of nanocrystals by enhancing the evaporation rate and attractive particles' interaction with the free interface of the droplet. Similarly, Li et al. [START_REF] Li | Rate-dependent interface capture beyond the coffee-ring effect[END_REF] demonstrated that the sufficient enhancement of the evaporation rate leads to the accumulation of particles at the air-liquid interface instead of at the edge, thereby surpassing the coffee-ring effect. Those particles located at the interface deposit in the interior, and thus form a uniform deposition of particles in the interior with a thicker ring at the edge. In another study, Bhardwaj et al. [START_REF] Bhardwaj | Self-assembly of colloidal particles from evaporating droplets: Role of DLVO interactions and proposition of a phase diagram[END_REF] varied the solution pH to modify the particle-particle and particle-substrate interactions, which led to the alteration of the final deposit patterns. At a low pH value, particles in the vicinity of the substrate were attracted to it and formed a ringlike pattern with a uniform deposition of particles in the interior of the ring due to the attractive particle-substrate interaction. At an intermediate pH value, the aggregation of particles was formed as the particle-substrate interaction was weaker than the particle-particle interaction. Aggregates randomly covered the entire initial wetted contact area. However, at a high pH value, the ring-like pattern was formed with almost no particles in the interior of the ring due to the strong repulsive particlesubstrate interaction. 

Dot-like pattern

When a colloidal droplet follows the CCA mode while evaporating, a dot-like pattern can be found on the substrate after complete evaporation, as shown in Figure 2.11 [START_REF] Thokchom | Characterizing self-assembly and deposition behavior of nanoparticles in inkjet-printed evaporating droplets[END_REF][START_REF] Wu | Generation of the smallest coffee-ring structures by solute crystallization reaction on a hydrophobic surface[END_REF]. Uno et al. [START_REF] Uno | Particle adsorption in evaporating droplets of polymer latex dispersions on hydrophilic and hydrophobic surfaces[END_REF] studied the pattern formation of evaporating drops in the CCA mode on hydrophobic surfaces. They reported that the shrinking of the contact line during the evaporation prevents particles from adsorbing onto the substrate at the early stages of the drying process. As evaporation proceeds, the concentration of particles increases, leading to the aggregation of particles. Then, the aggregates gather in the central region of the droplet and leave a random pattern of tiny spots after the dry-out. Similarly, other researchers have also observed such a dot-like pattern left in the centre of dried droplets that followed the CCA mode (see Figure 

Stick-slip pattern

If a colloidal droplet evaporates following the stick-slip mode, a set of concentric rings are left on the substrate after complete evaporation [START_REF] Moffat | Effect of TiO2 nanoparticles on contact line stick-slip behavior of volatile drops[END_REF], as shown in Figure 

Fingering pattern

Besides the aforementioned pattern types, a fingering pattern has also been widely observed in many drop evaporation experiments [START_REF] Pauliac-Vaujour | Meniscus-mediated organization of colloidal nanoparticles[END_REF][START_REF] Pauliac-Vaujour | Fingering instabilities in dewetting nanofluids[END_REF][START_REF] Vancea | Front instabilities in evaporatively dewetting nanofluids[END_REF][START_REF] Crivoi | Evaporation-induced branched structures from sessile nanofluid droplets[END_REF]. When a thin film or a droplet spreads on a substrate, a pattern can be formed with fingering structures along the edge of the spreading film or droplet. The competition between the capillary effects and the force causing the spreading can result in a hydrodynamic instability, and consequently lead to the fingering phenomenon [START_REF] Dier | Thermocapillary fingering in surfactant-laden water droplets[END_REF]. It is proved that the fingering instability is affected by the flow structures induced by temperature gradients [START_REF] Cazabat | Fingering instability of thin spreading films driven by temperature gradients[END_REF], centrifugal forces [START_REF] Melo | Fingering instability of spinning drops[END_REF], or gravity [START_REF] Edmonstone | Surfactant-induced fingering phenomena in thin film flow down an inclined plane[END_REF]. Weon and Je [START_REF] Weon | Fingering inside the coffee ring[END_REF] observed the fingering pattern inside the peripheral ring after the evaporation of a bidispersed colloidal drop, as shown in 

Crack pattern

The investigation of cracking arising from desiccation of complex fluids is growing among scientific communities [START_REF] Brutin | Pattern formation in drying drops of blood[END_REF][START_REF] Bou Zeid | Influence of evaporation rate on cracks' formation of a drying drop of whole blood, Colloids Surfaces A Physicochem[END_REF][START_REF] Chen | Blood drop patterns: Formation and applications[END_REF][START_REF] Sefiane | On the formation of regular patterns from drying droplets and their potential use for bio-medical applications[END_REF][START_REF] Chen | Wetting and drying of colloidal droplets: Physics and pattern formation[END_REF][START_REF] Pauchard | Influence of salt content on crack patterns formed through colloidal suspension desiccation[END_REF][START_REF] Annarelli | Crack patterns in drying protein solution drops[END_REF][START_REF] Mal | Desiccation crack patterns in drying laponite gel formed in an electrostatic field[END_REF][START_REF] Jing | Formation of circular crack pattern in deposition selfassembled by drying nanoparticle suspension[END_REF][START_REF] Sobac | Desiccation of a sessile drop of blood: Cracks, folds formation and delamination[END_REF]. In one study, varying suspension salinity led to the formation of crack patterns with different morphologies after drying a colloidal drop on a flat surface (see to the following buckling instability. Overall, the shape evolution of the drop affects the number and direction of the cracks [START_REF] Gorr | Salt-induced pattern formation in evaporating droplets of lysozyme solutions[END_REF]. The evolution of the drop shape depends on the salt content, thus the morphology of crack patterns is different for various salt contents [START_REF] Gorr | Salt-induced pattern formation in evaporating droplets of lysozyme solutions[END_REF][START_REF] Pauchard | Influence of salt content on crack patterns formed through colloidal suspension desiccation[END_REF]. Furthermore, crack patterns can be formed after drying of drops containing biological materials and fluids [START_REF] Brutin | Pattern formation in drying drops of blood[END_REF][START_REF] Bou Zeid | Influence of evaporation rate on cracks' formation of a drying drop of whole blood, Colloids Surfaces A Physicochem[END_REF][START_REF] Chen | Blood drop patterns: Formation and applications[END_REF][START_REF] Sefiane | On the formation of regular patterns from drying droplets and their potential use for bio-medical applications[END_REF][START_REF] Annarelli | Crack patterns in drying protein solution drops[END_REF][START_REF] Sobac | Desiccation of a sessile drop of blood: Cracks, folds formation and delamination[END_REF][START_REF] Dugyala | Role of particle shape anisotropy on crack formation in drying of colloidal suspension[END_REF][START_REF] Bahmani | The study of drying and pattern formation of whole human blood drops and the effect of thalassaemia and neonatal jaundice on the patterns, Colloids Surfaces A Physicochem[END_REF]. The higher evaporation rate at the edge of a droplet of blood plasma redistributes the suspended substances [START_REF] Chen | Wetting and drying of colloidal droplets: Physics and pattern formation[END_REF]. The accumulation of these substances at the edge region leads to the formation of a film (starting from the edge), which induces the gelation of the drying droplet. First, the drying starts from the edge, whereas the central region remains wet [START_REF] Tarasevich | Modeling of spatialtemporal distribution of the components in the drying sessile droplet of biological fluid, Colloids Surfaces A Physicochem[END_REF]. The evaporation then induces the shrinkage of the droplet from the gelled edge, which causes a local stress. However, the adhesion of the droplet to the substrate constrains this shrinkage-induced local stress. As a result, an increased tensile stress in a drying drop is created by the competition between the adhesion to the substrate and the shrinkage [START_REF] Pauchard | Influence of salt content on crack patterns formed through colloidal suspension desiccation[END_REF][START_REF] Annarelli | Crack patterns in drying protein solution drops[END_REF]. Once the increased tensile stress exceeds the local tensile strength, cracks are formed on the surface of the film [START_REF] Chen | Wetting and drying of colloidal droplets: Physics and pattern formation[END_REF]. 

Crystal pattern

Crystallisation is often observed in the central regions of dried droplets containing salts [START_REF] Yakhno | The informative-capacity phenomenon of drying drops[END_REF][START_REF] Chen | Complex protein patterns formation via salt-induced self-assembly and droplet evaporation[END_REF][START_REF] Kaya | Pattern formation in drying droplets of polyelectrolyte and salt[END_REF] (see Figure 2.16). For biological fluids containing salts, the combination of the two evaporation modes of CCR and CCA as drops dry contributes to the formation of salt crystallisation in the interior regions of a thick peripheral ring [START_REF] Gorr | Salt-induced pattern formation in evaporating droplets of lysozyme solutions[END_REF][START_REF] Yakhno | Drops of biological fluids drying on a hard substrate: Variation of the morphology, weight, temperature, and mechanical properties[END_REF]. As an example, Gorr et al. [START_REF] Gorr | Salt-induced pattern formation in evaporating droplets of lysozyme solutions[END_REF] studied pattern formation from drying drops of aqueous lysozyme protein solutions with different NaCl concentrations. They reported that the early separation of protein from the fluid promoted an outward capillary flow during the CCR mode and hence formed the thick outer ring. As evaporation proceeded, the salt remained in the fluid and crystallised while the drop experienced the CCA mode. Thus, a uniform layer of salt crystals was found in the centre of the dried drop. Some studies have reported that inorganic salts and the aggregation of macromolecular proteins are the main contributors to the formation of crystal patterns in the centre [START_REF] Yakhno | Drops of biological fluids drying on a hard substrate: Variation of the morphology, weight, temperature, and mechanical properties[END_REF][START_REF] Tarasevich | Effect of diffusion on the separation of components in a biological fluid upon wedge-shaped dehydration[END_REF][START_REF] Buzoverya | Experimental investigation of the serum albumin fascia microstructure[END_REF]. Some have posited that the increase in inorganic salt contents augments the aggregation of macromolecular proteins, thereby affecting the final morphology of crystal patterns [START_REF] Chen | Wetting and drying of colloidal droplets: Physics and pattern formation[END_REF][START_REF] Pauchard | Influence of salt content on crack patterns formed through colloidal suspension desiccation[END_REF][START_REF] Chen | Complex protein patterns formation via salt-induced self-assembly and droplet evaporation[END_REF]. However, another explanation for the formation of crystal patterns is that these patterns are the salt crystals in the gelled protein matrix, and proteins only have the role of seeds for the salt crystal growth [START_REF] Chen | Wetting and drying of colloidal droplets: Physics and pattern formation[END_REF][START_REF] Yakhno | Complex pattern formation in sessile droplets of protein-salt solutions with low protein content. What substance fabricates these patterns?[END_REF][START_REF] Yakhno | Sodium chloride crystallization from drying drops of albuminsalt solutions with different albumin concentrations[END_REF]. All in all, the underlying mechanisms behind crystal patterns are not fully understood, as it is difficult to distinguish the main components of these patterns using current analytical techniques [START_REF] Chen | Wetting and drying of colloidal droplets: Physics and pattern formation[END_REF]. 

Combined pattern

In some cases, a combination of two or more pattern types appears on a substrate.

For example, Crivoi and Duan [START_REF] Crivoi | Fingering structures inside the coffee-ring pattern, Colloids Surfaces A Physicochem[END_REF] reported the formation of the fingering pattern inside the coffee-ring after the complete evaporation of a water-based copper nanofluid droplet (Figure 2.17a). The authors found that the nucleation and growth process inside the peripheral ring results in the formation of this combined pattern. In another study, a combination of ring-like and dot-like patterns was observed after the full evaporation of a drop containing a mixture of surface-inactive and surface-active solutes on a substrate with weak contact angle hysteresis, as shown in Figure 2.17b [START_REF] Li | Evaporation stains: suppressing the coffeering effect by contact angle hysteresis[END_REF]. By analysing the drop shape evolution during the last stage of the evaporation, it was found that the contact line was pinned due to surfactant adsorption and this led to the ring-like pattern formation. Then, the depinning of the contact line started from a corner, and most parts of the contact line receded towards the part that was 

Effects of Different Factors on Deposit Patterns

The previous section discussed a series of dried patterns that are significantly affected by evaporation kinetics, the movement of contact line, inner flow structure, interfacial interactions, and particle-particle interaction. These effects are dependent on the factors that can be manipulated to control the pattern formation of drying drops. These factors are discussed in the following subsections.

Solute effect 2.4.1.1 Concentration

Particle concentration has a significant influence on the final deposition patterns.

Sefiane [START_REF] Sefiane | On the formation of regular patterns from drying droplets and their potential use for bio-medical applications[END_REF] investigated the effect of concentration (0.1, 0.5, 1 and 2%) on the final deposition patterns of Al2O3 nanofluid drops. Ring-like patterns were observed for all concentrations and the thickness of the ring increased with increasing concentration. The author also found cracking patterns, which were more prominent at higher concentrations. Increasing concentration increased the thickness of these cells. Furthermore, Brutin [START_REF] Brutin | Influence of relative humidity and nano-particle concentration on pattern formation and evaporation rate of pinned drying drops of nanofluids[END_REF] observed a transition between two patterns that corresponded to a critical concentration, as seen in Figure 2.18. For concentrations between 0.01 and 0.47 wt %, a coffee-ring pattern with no particles in the interior of the ring was formed. The width of the ring decreased with increasing concentration following a power law. For concentrations above 1.15 wt %, nanoparticles deposited in the central regions, forming a "flower petal" pattern. The deposition thickness increased with increasing concentration, whereas the number of flower petals decreased with concentration. As shown in Figure 2.19, the author observed a dotlike pattern at a polymer concentration of 0.5 wt %, but a ring-like pattern at 3 wt % [START_REF] Fukai | Effects of droplet size and solute concentration on drying process of polymer solution droplets deposited on homogeneous surfaces[END_REF]. In another study, Lee et al. [START_REF] Lee | Study of residue patterns of aqueous nanofluid droplets with different particle sizes and concentrations on different substrates[END_REF] showed a transition from a coffee-ring pattern to a uniform pattern with increasing concentration at the nanoparticle size of 135 nm. However, there was no obvious relation between concentration and the type of deposit patterns at lower nanoparticle sizes. Therefore, the authors combined the effects of both concentration and nanoparticle sizes. Low nanoparticle concentrations and small nanoparticle sizes formed a coffee-ring pattern, while high concentrations and large particle sizes led to the formation of a uniform pattern. At moderate concentrations and particle sizes, an irregular pattern was formed. Moreover, Moffat et al. [START_REF] Moffat | Nanofluid droplet evaporation kinetics and wetting dynamics on flat substrates[END_REF] showed that drying nanofluid droplets with a concentration of 0.01 wt % had a receding contact line with a distinct decrease in contact angle, whereas a concentration of 0.1 wt % resulted in the stick-slip behaviour. The increase in nanoparticle concentration enhances the stick-slip behaviour [START_REF] Orejon | Stick-Slip of evaporating droplets: Substrate hydrophobicity and nanoparticle concentration[END_REF][START_REF] Moffat | Nanofluid droplet evaporation kinetics and wetting dynamics on flat substrates[END_REF]. A direct correlation was found between the distance jump by the contact line and nanoparticle concentration [START_REF] Orejon | Stick-Slip of evaporating droplets: Substrate hydrophobicity and nanoparticle concentration[END_REF]. The higher concentration leads to a longer pinning of the contact line; thus, the deviation in the contact radius from equilibrium before a jump is higher and the steps of the contact line are greater [START_REF] Orejon | Stick-Slip of evaporating droplets: Substrate hydrophobicity and nanoparticle concentration[END_REF]. 

Shape

Interfaces are significantly deformed by the anisotropic shape of particles, generating strong particle-particle interactions [START_REF] Loudet | Capillary interactions between anisotropic colloidal particles[END_REF][START_REF] Loudet | Wetting and contact lines of micrometer-sized ellipsoids[END_REF][START_REF] Bowden | Self-assembly of microscale objects at a liquid/liquid interface through lateral capillary forces[END_REF][START_REF] Brown | Fabricating colloidal particles with photolithography and their interactions at an air-water interface[END_REF][START_REF] Madivala | Exploiting particle shape in solid stabilized emulsions[END_REF][START_REF] Madivala | Self-assembly and rheology of ellipsoidal particles at interfaces[END_REF][START_REF] Park | Attractive interactions between colloids at the oil-water interface[END_REF]. The outward flow, which is responsible for the generation of the coffee-ring effect for spherical particles, carries ellipsoidal particles to the air-liquid interface, causing strong long-ranged particleparticle attractions among ellipsoidal particles. Consequently, loosely packed aggregates are formed at the air-liquid interface [START_REF] Loudet | Capillary interactions between anisotropic colloidal particles[END_REF][START_REF] Loudet | Wetting and contact lines of micrometer-sized ellipsoids[END_REF][START_REF] Madivala | Self-assembly and rheology of ellipsoidal particles at interfaces[END_REF][START_REF] Fournier | Anisotropic capillary interactions and jamming of colloidal particles trapped at a liquid-fluid interface[END_REF]. Similarly, Yunker et al. [START_REF] Yunker | Suppression of the coffee-ring effect by shape-dependent capillary interactions[END_REF] demonstrated that the addition of ellipsoidal particles to suspensions containing spherical particles can deteriorate the coffee-ring effect. They found that the coffee-ring persisted if the minor axis of ellipsoidal particles was larger than the diameter of spherical particles, whereas the coffee-ring was inhibited if the axis was smaller than the diameter. Thus, in the presence of ellipsoidal particles with appropriate aspect ratio, a loosely packed structure can be formed at the free surface of evaporating drops, preventing particles from reaching the contact line and resulting in a uniform pattern after dry-out (Figure 2 

Size

Chon et al. [START_REF] Chon | Effect of nanoparticle sizes and number densities on the evaporation and dryout characteristics for strongly pinned nanofluid droplets[END_REF] studied the influence of the different sizes of nanoparticles [START_REF] Erbil | The debate on the dependence of apparent contact angles on drop contact area or three-phase contact line: A review[END_REF][START_REF] Mangel | The evaporation of water drops from a "Teflon" surface[END_REF][START_REF] Gorr | Salt-induced pattern formation in evaporating droplets of lysozyme solutions[END_REF], and 47 nm) on the pattern formation. Larger nanoparticles led to the formation of the distinctive coffee-ring patterns, but smaller nanoparticles formed a thicker and more uniform deposition in the central region enclosed with a loosely defined wider ring. A different study by Choi et al. [START_REF] Choi | Pattern formation in drying of particle-laden sessile drops of polymer solutions on solid substrates[END_REF] investigated the pattern formation from evaporating water drops containing polystyrene particles (1 and 6 μm) and hollow glass spheres (9-13 μm). For the large-sized polystyrene particles, the contact line was not pinned and receded during the evaporation. Some particles deposited at the edge, but a considerable number of particles deposited in the interior region of the ring. The small-sized polystyrene particles moved towards the pinned edge and formed the coffee-ring pattern. In the case of hollow glass particles with a mix of small and large sizes, the contact line was not pinned and particles moved inward along the air-liquid interface and finally deposited in the centre of the droplet at the final stages of evaporation. Furthermore, Ryu et al. [START_REF] Ryu | Drying-mediated patterns in colloidpolymer suspensions[END_REF] obtained a phase diagram in terms of polymer concentration and poly(methyl methacrylate) (PMMA) colloid size. As demonstrated in Figure 2.22, in the absence of polymer, small colloids form the coffee-ring pattern, while larger colloids are randomly distributed in the droplet forming bump-like patterns. At a low polymer concentration of 0.1 wt %, the coffeering effect is enhanced by increasing colloid size from 0.1 to 1 μm. The same trend is observed by increasing size from 5 to 10 μm, but the coffee-ring effect is more pronounced for the colloid size of 1 μm than for larger colloids. At each of the high polymer concentrations (0.5 and 1 wt %), the coffee-ring effect is enhanced with increasing colloid size, and large colloids form the coffee-ring patterns. The aggregation dynamics of colloids depends on their size. In the presence of polymer, small colloids are likelier to build aggregation than large ones, implying that the interactions between colloid and polymer for large-sized colloids become weak, and the coffee-ring effect thus becomes dominant.

Some studies have also investigated the effect of particles with multiple sizes in a single liquid drop on the final deposit. Among them, Sommer et al. [START_REF] Sommer | Size-discriminative self-assembly of nanospheres in evaporating drops[END_REF] studied the effect of two different particle sizes (60 and 200 nm) in a liquid drop on the distribution of particles on a smooth substrate. The slow evaporation of drops resulted in well-ordered structures, where larger particles formed a peripheral ring in dense hexagonal structures surrounding the massive inner ring. However, a study by Jung et al. [START_REF] Jung | Behavior of particles in an evaporating didisperse colloid droplet on a hydrophilic surface[END_REF] showed that the mixture of multi-sized particles (500 nm and 5 μm) led to a different deposition pattern. During the evaporation process, nanoparticles moved towards the contact line and enhanced the pinning effect, while microparticles moved towards the centre of the droplet resulting from the surface tension force of the liquid. As a result of this particle motion, larger and smaller particles separately deposited onto the substrate, with larger particles accumulating in the centre of the dried drop enclosed with a ring formed by smaller particles. Similarly, another study reported a separation of particles with three different sizes in a liquid droplet (Figure 2.23) [START_REF] Wong | Nanochromatography driven by the coffee ring effect[END_REF]. Three well-separated rings were formed near the contact line by each size; the outermost ring was formed by the smallest particles, while the innermost ring was built by the largest particles. This concept of particle separation based on the particle-size effect can be a natural, cost effective method of disease diagnostics. The schematic phase diagram in Figure 2.24 shows the effect of particle volume fractions of small and large particles on the final pattern after evaporation of a decalin-based colloidal droplet [START_REF] Weon | Fingering inside the coffee ring[END_REF]. Coffee-ring patterns were formed for monodispersed small colloids, and grew as the concentration of the small colloids increased. For monodispersed large colloids, bump-like patterns were formed and grew when the concentration of the large colloids increased. 

Material

Lee et al. [START_REF] Lee | Study of residue patterns of aqueous nanofluid droplets with different particle sizes and concentrations on different substrates[END_REF] compared the deposition patterns of the 20 nm Al2O3 and 21 nm TiO2 nanofluid drops at the same concentration of 0.05 vol % (Figure 2.26). The ring width of the Al2O3 nanoparticles was found to be smaller than that of TiO2 nanoparticles. By considering the effect of different factors such as the material, size, and concentration of nanoparticles, the authors concluded that the material of nanoparticles has a less significant role on the pattern formation. As seen in Figure 2.27, the pattern formed by the mixture of the 5 nm graphite and the 5 nm Al2O3

nanoparticles is similar to the pattern of the Al2O3 nanoparticles [START_REF] Zhong | Deposition patterns from evaporating sessile droplets with suspended mixtures of multi-sized and multi-species hydrophilic and non-adsorbing nanoparticles[END_REF]. However, the gap between the contact line and the centre-concentrated deposit is larger for the mixture pattern than that for the Al2O3 pattern. The effect of the combination of the two nanoparticles is found to be collaborative on the mixture pattern as they almost keep the positions they form individually. 

Environmental conditions 2.4.2.1 Relative humidity

Only few studies in the literature address the effect of relative humidity on the deposition pattern. Chhasatia et al. [START_REF] Chhasatia | Effect of relative humidity on contact angle and particle deposition morphology of an evaporating colloidal drop[END_REF] examined the effect of relative humidity on the deposition patterns of picolitre-sized drops containing polystyrene beads. The rise in the relative humidity decreased the evaporation rate of a pinned drop, but increased the spreading of the drop with lower contact angle, leading to a larger deposition area. The authors concluded that the relative humidity was a key parameter for sufficient small drops in terms of the evaporation process and thus the final deposition patterns. Surprisingly, Brutin [START_REF] Brutin | Influence of relative humidity and nano-particle concentration on pattern formation and evaporation rate of pinned drying drops of nanofluids[END_REF] showed that the deposition patterns of dried nanofluid drops were identical for different humidity values varying from 13 to 85%. They found that the diffusion coefficient of the nanofluid drops in humid air was different from that of pure water drops in dry air. The evaporation rate was enhanced due to the larger spreading area of the nanofluid drops and also the decrease of the contact angle. However, in another study the increase in the relative humidity affected the dried pattern of blood drops on glass substrates [START_REF] Bou Zeid | Influence of relative humidity on spreading, pattern formation and adhesion of a drying drop of whole blood, Colloids Surfaces A Physicochem[END_REF]. The deposition pattern was characterised by three distinctive areas, as shown in Figure 2.28: a fine peripheral area adhering to the substrate; a coronal area composed of wide mobile plaques with radial white cracks; and a central area composed of small cracks and a sticking deposit. By increasing the humidity, the width of the peripheral area grew; this is shown between the two yellow bars in Figure 2.28. The increase in the humidity decreased the contact angle, and consequently increased the diameter of the deposition pattern and the width of the wedge near the contact line. This led to the formation of a wider peripheral area as the humidity rose. By increasing the humidity from 13.5 to 50%, the size of plaques in the corona grew, but then decreased with the further rise in the humidity from 50 to 78%. The difference in the size of plaques can be attributed to the evaporation rate, which affects the adhesion of the drop to the substrate [START_REF] Bou Zeid | Influence of evaporation rate on cracks' formation of a drying drop of whole blood, Colloids Surfaces A Physicochem[END_REF]. 

Ambient temperature and pressure

An investigation was conducted to identify the effect of the environmental temperature on the deposition patterns of dried TiO2 and Al2O3 nanofluid drops [START_REF] Sefiane | On the formation of regular patterns from drying droplets and their potential use for bio-medical applications[END_REF].

At the same concentration, the deposition pattern of Al2O3 nanoparticles was relatively independent of the ambient temperature, but in the case of TiO2 nanofluid, increasing the temperature led to the ring-like pattern formation with concentric rings inside the peripheral ring. From the nanoscopic point of view, nanoparticle pattern crystallinity was promoted by reducing pressure. 

Wettability of substrate

Section 2.3 mentioned that the coffee-ring pattern is more likely to occur on hydrophilic or high wettability substrates. In contrast, the dot-like pattern or centrallike deposits are more likely to form on hydrophobic or low wettability substrates.

Lee et al. [START_REF] Lee | Study of residue patterns of aqueous nanofluid droplets with different particle sizes and concentrations on different substrates[END_REF] studied the influence of different substrate materials on deposition patterns of nanofluid droplets by using glass, stainless steel, and Teflon surfaces with the initial contact angles of 55.2°, 80.9°, and 90.4°, respectively. The authors confirmed that it was easier for drying droplets to form a ring-like pattern on the high wettability substrate with lower contact angle. On the other hand, more nanoparticles were found in the centre of the peripheral ring on the low wettability substrate with larger contact angle. For example, more nanoparticles concentrated in the centre of the pattern formed on stainless steel compared to that formed on glass. This was attributed to the droplet shape, as it is affected by the contact angle. A droplet with a larger contact angle has a greater height at the centre and a smaller base diameter; therefore, more nanoparticles should be found in the central region after complete evaporation. On the other hand, a droplet with a low contact angle has a smaller height at the centre and a larger base diameter, which enhances the evaporation rate and the flow velocity. This makes it easier for the droplet to form a ring-like pattern.

By considering other factors such as particle size, particle concentration, etc., Lee et al. found the effect of substrate material to be less significant on the final deposition patterns [START_REF] Lee | Study of residue patterns of aqueous nanofluid droplets with different particle sizes and concentrations on different substrates[END_REF]. However, the wettability of the substrate plays an important role in the drying process and thus final deposition patterns [START_REF] Orejon | Stick-Slip of evaporating droplets: Substrate hydrophobicity and nanoparticle concentration[END_REF][START_REF] Li | Evaporation stains: suppressing the coffeering effect by contact angle hysteresis[END_REF][START_REF] Patil | Effects of substrate heating and wettability on evaporation dynamics and deposition patterns for a sessile water droplet containing colloidal particles[END_REF]. For example, Orejon et al. [START_REF] Orejon | Stick-Slip of evaporating droplets: Substrate hydrophobicity and nanoparticle concentration[END_REF] studied the effect of nanoparticles' presence on the dynamics of the contact line on substrates of various hydrophobicities; they observed the stick-slip behaviour only on hydrophobic substrates. Chhasatia and Sun [START_REF] Chhasatia | Interaction of bi-dispersed particles with contact line in an evaporating colloidal drop[END_REF] investigated the effect of substrate wettability on the pattern formation of droplets containing bidispersed particles. On the substrates with higher wettability, particles of different sizes were further separated than those on the substrates with lower wettability. This was attributed to the effects of the different evaporation modes, the substrate-particle interactions, the surface tension, and drag forces acting on particles on the rearrangement of particles near the contact line during evaporation. Furthermore, Jeong et al. [START_REF] Jeong | Nano-particle separation using Marangoni flow in evaporating droplets[END_REF] showed that the separation of nano-and micro-particles near the contact line only occurred on hydrophilic substrates. Conversely, hydrophobic substrates could not separate the suspended particles as the contact line was not pinned and receded during evaporation. In another study, Li et al. [START_REF] Li | Evaporation stains: suppressing the coffeering effect by contact angle hysteresis[END_REF] demonstrated that the final deposition pattern of polymer particles could be manipulated by controlling contact angle hysteresis (CAH). Ring-like patterns were formed on substrates with strong CAH such as poly(vinyl pyrrolidone) (Figure 2.30a), and dotlike patterns were formed on substrates with weak CAH such as sodium polysulfonate (Figure 2.30b). Very recently, Zhong et al. [START_REF] Zhong | Wettability effect on evaporation dynamics and crystalline patterns of sessile saline droplets[END_REF] investigated the effect of various substrates on crystal patterns from saline droplets (see Figure 2.31). Cubic crystals were formed at the centre of the dried droplet deposited on silicon and PMMA substrates with a lower wettability and weaker pinning effect. However, the high wettability and the stronger pinning effect of the soda lemon glass resulted in the formation of a spherical profile composed of thin layers of salt and cubic crystals. 

Substrate temperature

Unexpectedly, few studies have examined the effect of substrate temperature on dried patterns. One study found that a change in substrate temperature could change the flow direction at the late stages of the evaporation; thus, the dried deposition patterns of water-polymer droplets were different on a heated substrate than on a cooled one [START_REF] Kim | Polymer transports inside evaporating water droplets at various substrate temperatures[END_REF]. As shown in Figure 2.32a, the evaporation of a poly(ethylene oxide) (PEO) droplet formed a "puddle" structure on the isothermally heated substrate at 30 °C [START_REF] Hu | Peculiar surface profile of poly(ethylene oxide) film with ring-like nucleation distribution induced by Marangoni flow effect[END_REF]. However, a peculiar "dual-ring" structure was left behind after full evaporation on the non-isothermally heated substrate at a rate of 20 °C/min (Figure 

Base fluid 2.4.3.1 Surfactants

Adding surfactants to a base fluid is another way to alter the deposition pattern of drying sessile drops. In one study, the addition of ionic surfactant sodium dodecyl sulfate (SDS) significantly altered the coffee-ring effect inside an evaporating colloidal drop [START_REF] Still | Surfactant-induced Marangoni eddies alter the coffee-rings of evaporating colloidal drops[END_REF]. A strong inward Marangoni flow was created by SDS along the air-liquid interface of the drop, which prevented most particles from depositing at the contact line, forming a more uniform deposition pattern. Similarly, biosurfactants generated a surface tension gradient along the air-liquid interface, inducing a

Marangoni flow [START_REF] Sempels | Auto-production of biosurfactants reverses the coffee ring effect in a bacterial system[END_REF]. The particles moved towards the drop edge but did not deposit there and returned back inward along the free surface due to the Marangoni flow.

Hence, the coffee-ring effect was inhibited and the particles were uniformly distributed on the substrate (Figure 2.33). In their work, Seo et al. [START_REF] Seo | Altering the coffee-ring effect by adding a surfactant-like viscous polymer solution[END_REF] compared the pattern deposition of SDS (surfactant) and surfactant-like polymer solutions. Both surfactants altered the coffee-ring effect and led to the formation of multiple ring patterns. However, the rings formed by the surfactant-like polymer were more uniform due to the change of the depinning and receding of the contact line caused by the characteristics of the surfactant. The depinning of the contact line for the surfactant-like polymer was easier as it required less force. Therefore, the authors observed smaller distances between each ring, and more uniform multiple rings were left after full evaporation. In contrast to these studies, the addition of cetyltrimethylammonium bromide (CTAB) surfactant into graphite nanofluid drops promoted and formed the coffee-ring effect instead of the uniform one, as shown in Figure 2.34 [START_REF] Crivoi | Effect of surfactant on the drying patterns of graphite nanofluid droplets[END_REF]. The same transition from the uniform pattern to the coffee-ring pattern was observed after adding CTAB surfactant into Al2O3 nanofluid drops [START_REF] Crivoi | Amplifying and attenuating the coffee-ring effect in drying sessile nanofluid droplets[END_REF]. The authors used a two-dimensional diffusion limited cluster-cluster aggregation (DLCA) method to explain the transition. The simulation showed that the interparticle sticking probability has a significant influence on the pattern formation. 

Electrowetting

In the studies discussed in the previous sections, the droplets evaporated freely and the deposition patterns were formed naturally. However, another efficient way to manipulate the deposition patterns is to apply electrowetting with a voltage to colloidal droplets. Eral et al. [START_REF] Eral | Suppressing the coffee stain effect: how to control colloidal self-assembly in evaporating drops using electrowetting[END_REF] showed that an alternating current (AC) electrowetting suppressed the coffee-ring effect of droplets of different particle sizes and DNA solutions. As shown in Figure 2.37a-c, at frequencies of 6 Hz and 1 kHz, the electrowetting prevented the pinning of the contact line and generated the internal flow, which counteracted the evaporation driven flux and thus did not allow the particles to deposit at the contact line. However, at a higher frequency of 100 kHz (Figure 2.37d), the electrowetting led to a less pronounced coffee-ring pattern, but did not form a dot-like pattern similar to the one observed for the lower frequencies 

Summary

It is clear that the evaporation of a droplet containing particles, and consequently its pattern formation of particles, is dependent on many factors, such as environmental conditions, base fluid composition, and particle properties, among others. This 

Abstract

This study investigates pattern formation during evaporation of water-based nanofluid sessile droplets placed on a smooth silicon surface at various temperatures.

An infrared thermography technique was employed to observe the temperature distribution along the air-liquid interface of evaporating droplets. In addition, an optical interferometry technique is used to quantify and characterise the deposited patterns. Depending on the substrate temperature, three distinctive deposition patterns are observed: a nearly uniform coverage pattern, a "dual-ring" pattern, and multiple rings corresponding to "stick-slip" pattern. At all substrate temperatures, the internal flow within the drop builds a ring-like cluster of the solute on the top region of drying droplets, which is found essential for the formation of the secondary ring deposition onto the substrate for the deposits with the dual-ring pattern. The size of the secondary ring is found to be dependent on the substrate temperature. For the deposits with the rather uniform coverage pattern, the ring-like cluster of the solute does not deposit as a distinct secondary ring; instead, it is deformed by the contact line depinning. In the case of the stick-slip pattern, the internal flow behaviour is complex and found to be vigorous with rapid circulating flow which appears near the edge of the drop.

Introduction

The evaporation of a sessile droplet has been a very important subject for research in many scientific communities (engineering, physics, chemistry, biology, etc.) over the past few decades [START_REF] Brutin | Influence of relative humidity and nano-particle concentration on pattern formation and evaporation rate of pinned drying drops of nanofluids[END_REF][START_REF] Sobac | Thermal effects of the substrate on water droplet evaporation[END_REF]. Despite the numerous undertaken studies related to this fundamental phenomenon, there are still many outstanding questions about the complex behaviour of the internal flow during evaporation and the dynamics of the contact line [START_REF] Sobac | Thermal effects of the substrate on water droplet evaporation[END_REF]. This complexity can be attributed to the simultaneous involvement of three different phases, namely vapour, liquid, and solid [START_REF] Sobac | Thermal effects of the substrate on water droplet evaporation[END_REF]. The study of deposited patterns left after the drying of a drop containing suspensions has a significant role in various industrial and biological applications, such as inkjet printing [START_REF] Sefiane | Patterns from drying drops[END_REF][START_REF] Brutin | Influence of relative humidity and nano-particle concentration on pattern formation and evaporation rate of pinned drying drops of nanofluids[END_REF][START_REF] Sirringhaus | High-resolution inkjet printing of all-polymer transistor circuits[END_REF][START_REF] De | Inkjet printing of polymers: State of the art and future developments[END_REF][START_REF] Hu | Evaporation of a sessile droplet on a substrate[END_REF][START_REF] Park | Control of colloidal particle deposit patterns within picoliter droplets ejected by ink-jet printing[END_REF][START_REF] Chhasatia | Interaction of bi-dispersed particles with contact line in an evaporating colloidal drop[END_REF][START_REF] Sobac | Thermal effects of the substrate on water droplet evaporation[END_REF][START_REF] Fischer | Particle convection in an evaporating colloidal droplet[END_REF][START_REF] Frenkel | Playing tricks with designer "atoms[END_REF][START_REF] Hartfield | Droplet vaporization in a high-pressure gas[END_REF][START_REF] Zhang | Coffee ring" formation dynamics on molecularly smooth substrates with varying receding contact angles[END_REF], DNA/RNA microarrays [START_REF] Dugas | Droplet evaporation study applied to DNA chip manufacturing[END_REF][START_REF] Heim | Deposition from a drop: morphologies of unspecifically bound DNA[END_REF][START_REF] Wang | Carbohydrate microarrays for the recognition of cross-reactive molecular markers of microbes and host cells[END_REF][START_REF] Carroll | Photochemical micropatterning of carbohydrates on a surface[END_REF][START_REF] Smalyukh | Structure and dynamics of liquid crystalline pattern formation in drying droplets of DNA[END_REF][START_REF] Blossey | Contact line deposits on cDNA microarrays: A "twinspot effect[END_REF][START_REF] Larson | Hydrodynamics of a DNA molecule in a flow field[END_REF][START_REF] Jing | Automated high resolution optical mapping using arrayed, fluid-fixed DNA molecules[END_REF],

medical tests [START_REF] Sefiane | Patterns from drying drops[END_REF][START_REF] Gorr | Salt-induced pattern formation in evaporating droplets of lysozyme solutions[END_REF][START_REF] Brutin | Pattern formation in drying drops of blood[END_REF][START_REF] Bou Zeid | Influence of relative humidity on spreading, pattern formation and adhesion of a drying drop of whole blood, Colloids Surfaces A Physicochem[END_REF][START_REF] Yakhno | Salt-induced protein phase transitions in drying drops[END_REF][START_REF] Sobac | Structural and evaporative evolutions in desiccating sessile drops of blood[END_REF], coating technologies [START_REF] Sobac | Thermal effects of the substrate on water droplet evaporation[END_REF][START_REF] Kim | Direct writing of silver conductive patterns: Improvement of film morphology and conductance by controlling solvent compositions[END_REF], and the fabrication of novel optical and electronic devices [START_REF] Kawase | Inkjet printed via-hole interconnections and resistors for all-polymer transistor circuits[END_REF][START_REF] Norris | Opaline photonic crystals: How does self-assembly work?[END_REF]. Studying drying nanofluid sessile droplets is also highly important for cooling purposes as well as for a better understanding of two-phase heat transfer [START_REF] Barber | A review on boiling heat transfer enhancement with nanofluids[END_REF].

The evaporation of a liquid drop containing suspensions on a solid surface leaves a non-uniform deposition, typically like a ring-shape stain, known as the "coffee-ring" effect [START_REF] Deegan | Capillary flow as the cause of ring stains from dried liquid drops[END_REF]. In this process, the contact line remains pinned, and particles are brought to the drop perimeter by an outward capillary flow; as a result, particles deposit in the vicinity of the contact line [START_REF] Deegan | Capillary flow as the cause of ring stains from dried liquid drops[END_REF][START_REF] Hu | Evaporation of a sessile droplet on a substrate[END_REF][START_REF] Denkov | Two-dimensional crystallization[END_REF]. The outward flow is driven by evaporation mainly concentrated near the contact line [START_REF] Hamamoto | Order-of-magnitude increase in flow velocity driven by mass conservation during the evaporation of sessile drops[END_REF]. However, there are critical factors that can reverse the coffee-ring effect, leading to a more uniform coverage formation which arises from surface tension gradients [START_REF] Sempels | Auto-production of biosurfactants reverses the coffee ring effect in a bacterial system[END_REF][START_REF] Hu | Marangoni effect reverses coffee-ring depositions[END_REF]. Nonuniform evaporative cooling at the free surface of a liquid droplet induces temperature gradients along the air-liquid interface of the drop and further results in surface tension gradients [START_REF] Zhang | Natural convection in evaporating minute drops[END_REF][START_REF] Ristenpart | Influence of substrate conductivity on circulation reversal in evaporating drops[END_REF], which drive a convective Marangoni flow [START_REF] Hu | Analysis of the effects of Marangoni stresses on the microflow in an evaporating sessile droplet[END_REF][START_REF] Hu | Marangoni effect reverses coffee-ring depositions[END_REF][START_REF] Buffone | Investigation of thermocapillary convective patterns and their role in the enhancement of evaporation from pores[END_REF][START_REF] Buffone | Experimental investigation of selfinduced thermocapillary convection for an evaporating meniscus in capillary tubes using micro-particle image velocimetry[END_REF][START_REF] Buffone | IR measurements of interfacial temperature during phase change in a confined environment[END_REF]. The Marangoni convection flows from regions of lower surface tension to those of higher surface tension. The flow fundamentally exists at the airliquid interface of evaporating droplets [START_REF] Still | Surfactant-induced Marangoni eddies alter the coffee-rings of evaporating colloidal drops[END_REF]. Therefore, depending on surface tension gradient direction, the Marangoni effect can either counteract the outward capillary flow or enhance it. It is worth stressing that the Marangoni effect in general can have a significant role in many practical applications such as heat and mass transfer, coatings, and production of materials [START_REF] Hu | Analysis of the microfluid flow in an evaporating sessile droplet[END_REF][START_REF] Hu | Analysis of the effects of Marangoni stresses on the microflow in an evaporating sessile droplet[END_REF][START_REF] Hu | Marangoni effect reverses coffee-ring depositions[END_REF][START_REF] Buffone | Investigation of thermocapillary convective patterns and their role in the enhancement of evaporation from pores[END_REF][START_REF] Buffone | Experimental investigation of selfinduced thermocapillary convection for an evaporating meniscus in capillary tubes using micro-particle image velocimetry[END_REF][START_REF] Nguyen | Patterning of small particles by a surfactant-enhanced Marangoni-Bénard instability[END_REF][START_REF] Truskett | Influence of surfactants on an evaporating drop: Fluorescence images and particle deposition patterns[END_REF].

Apart from temperature gradients, the addition of surfactants can induce surface tension gradients and hence generate the Marangoni effect. The phenomenology of surfactant-driven Marangoni flows is different from temperature-dependent

Marangoni flows [START_REF] Still | Surfactant-induced Marangoni eddies alter the coffee-rings of evaporating colloidal drops[END_REF], which occur without the presence of surfactants [START_REF] Hu | Marangoni effect reverses coffee-ring depositions[END_REF]. The deposition patterns could be altered by the addition of ionic surfactant sodium dodecyl sulfate (SDS) to aqueous colloidal drops. Studies have shown that the presence of surfactants leads to a rather uniform deposition of small solid particles after the dry-out of drops [START_REF] Still | Surfactant-induced Marangoni eddies alter the coffee-rings of evaporating colloidal drops[END_REF][START_REF] Sempels | Auto-production of biosurfactants reverses the coffee ring effect in a bacterial system[END_REF][START_REF] Kajiya | Controlling the drying and film formation processes of polymer solution droplets with addition of small amount of surfactants[END_REF]. As the concentration of SDS is increased near the pinned contact line, surface tension decreases. The resulting gradients of surface tension drive the colloidal particles towards the drop centre. This strong radial Marangoni flow prevents the particles from depositing at the contact line and significantly alters the coffee-ring effect [START_REF] Still | Surfactant-induced Marangoni eddies alter the coffee-rings of evaporating colloidal drops[END_REF]. Sempels et al. [START_REF] Sempels | Auto-production of biosurfactants reverses the coffee ring effect in a bacterial system[END_REF] studied the influence of biosurfactants on the flow pattern. They observed complex flow patterns near the contact line of drying droplets generated by localised vortices. These

Marangoni eddies dramatically affect the deposition pattern at higher concentrations of self-produced biosurfactants. Still et al. [START_REF] Still | Surfactant-induced Marangoni eddies alter the coffee-rings of evaporating colloidal drops[END_REF] have also confirmed that the addition of SDS to liquid droplets creates Marangoni eddies, which prevents particles depositing at the contact line, finally leading to the depinning of the contact line, and as a result, the deposition pattern of particles is significantly altered.

Temperature-dependent Marangoni flows are rarely observed in pure water due to very weak Marangoni flows, which (perhaps) can be attributed to the widely known difficulty of keeping water interfaces sufficiently clear of contaminants [START_REF] Hu | Marangoni effect reverses coffee-ring depositions[END_REF]. Xu and Luo [START_REF] Xu | Marangoni flow in an evaporating water droplet[END_REF] showed that the Marangoni flow exists in drying pure water droplets using fluorescent nanoparticles. A stagnation point where the surface tension, the surface temperature gradient, and the surface flow change direction at the droplet surface was deduced. This reveals that the surface temperature and the surface tension vary non-monotonously along the droplet surface [START_REF] Xu | Marangoni flow in an evaporating water droplet[END_REF]. The formation of deposition pattern is strongly affected by the flow motion within the liquid droplet during the evaporation [START_REF] Deegan | Pattern formation in drying drops[END_REF][START_REF] Fischer | Particle convection in an evaporating colloidal droplet[END_REF]. A different deposition pattern could be formed when the Marangoni effect dominates the coffee-ring formation within the evaporating droplet containing suspensions [START_REF] Hu | Analysis of the microfluid flow in an evaporating sessile droplet[END_REF]. The solute travels towards the droplet centre driven by surface tension gradients and preferentially deposits there, inhibiting the coffee-ring formation [START_REF] Hu | Marangoni effect reverses coffee-ring depositions[END_REF]. The difference in deposition pattern was studied by Hu and Larson [START_REF] Hu | Analysis of the microfluid flow in an evaporating sessile droplet[END_REF], who showed that solutes are carried by Marangoni convection near the droplet free surface inward to the centre of the droplet and then plunge downward where a part of solutes could be either returned to the edge or be adsorbed onto the substrate at the central region. Xu et al [START_REF] Xu | Linear growth of colloidal rings at the edge of drying droplets, Colloids Surfaces A Physicochem[END_REF]. studied the formation of the colloidal ring in the presence of the Marangoni effect. The authors showed that when the Marangoni flow appears inside the droplet, the ring mass increases linearly with time, which contradicts the power-law growth by Deegan et al. [START_REF] Deegan | Contact line deposits in an evaporating drop[END_REF][START_REF] Denkov | Two-dimensional crystallization[END_REF], who showed almost all the particles inside the droplet are transported to the edge and form a dense ring of deposits. It was concluded that only the particles in the outward flow region form the colloidal ring, not all the particles in the droplet, indicating the co-occurrence of the outward capillary flow and Marangoni flow inside the drying droplet [START_REF] Xu | Linear growth of colloidal rings at the edge of drying droplets, Colloids Surfaces A Physicochem[END_REF]. Hu et al. [START_REF] Hu | Peculiar surface profile of poly(ethylene oxide) film with ring-like nucleation distribution induced by Marangoni flow effect[END_REF] reported that an uncommon "dual-ring" pattern was formed by non-isothermal evaporation of poly (ethylene oxide) droplets on a heated substrate at temperatures above 60 °C due to change of microflows at elevated temperatures as well as the dominant Marangoni convection. However, heating the substrate isothermally at 30

°C led to a completely different pattern called a "puddle" structure due to the dominant outward capillary flow and then resulted in a pinned contact line during the whole evaporation process [START_REF] Hu | Peculiar surface profile of poly(ethylene oxide) film with ring-like nucleation distribution induced by Marangoni flow effect[END_REF]. Kim et al. [START_REF] Kim | Polymer transports inside evaporating water droplets at various substrate temperatures[END_REF] demonstrated that the substrate temperature affects the direction of polymer solute inside the evaporating droplet, particularly at the end of the evaporation process. Jeong et al. [START_REF] Jeong | Nano-particle separation using Marangoni flow in evaporating droplets[END_REF] employed a technique to separate particles based on their size, ranging from 100 nm to 15 µm, using strong temperature-driven Marangoni flow within evaporating droplet on hydrophilic substrates. The authors showed that the smallest particles deposited at the outermost ring in the vicinity of the contact line. The ring diameter became smaller with increasing particles size. In other words, the larger the particles, the smaller are the rings [START_REF] Jeong | Nano-particle separation using Marangoni flow in evaporating droplets[END_REF].

In spite of abundant experimental studies on evaporating sessile droplets, 

investigations

Experimental Methods

Solution

The nanofluid was obtained from copper (II) oxide (CuO) nanopowders (Sigma-Aldrich, molecular weight = 79.55, diameter < 50 nm) with a mass concentration of 0.05 wt % dissolved in distilled water using the two-step method and then stabilised in the ultrasonic bath (Elma, S 10/H) for at least 1 hour before use.

Deposition

Smooth silicon wafers were cleaned and ultrasonicated in distilled water for at least 30 minutes prior to each experiment test. Then, they were rinsed with acetone and distilled water for several times and dried with an air dryer (Elma Company). The silicon substrate was placed on a hot plate controlled at four different temperatures of 47, 64, 81, and 99 °C. The experiment was also carried out at ambient conditions without heating the substrate (25 °C). The 0.5 µL droplet of CuO/water nanofluid was deposited onto the hot silicon substrate using a programmable syringe pump (KdScientific, legato 100), leading to the deposition diameter of about 2 mm. At all temperatures, the experiment was repeated at least six times, showing consistent temperature-dependent behaviour. The room temperature and relative humidity were recorded as 25 °C and 29%, respectively, during the experiment by means of a sensor (Hygrosens Company).

Characterisation

The evaporation process of droplets was observed and recorded using a high-speed camera (Keyence, VW600C) mounted on an optical microscopic lens (Keyence, VH-Z100R, magnification zoom from 100× to 1000×). Video editing/analysis software (Keyence, VW-9000 Motion Analyzer) was used to visually track the clusters of nanoparticles movement and also measure a specific distance inside droplets with a proper calibration. The images of dried deposits were taken by means of an optical microscopic lens (VH-Z20R, magnification zoom from 20× to 200×). An infrared camera (FLIR, SC7200) mounted on a lens (FLIR, MW G1 L0905) was employed to visualise the air-liquid interface temperature of the evaporating droplets as well as the silicon surface. Water being mostly opaque to infrared, we expect to be able to read the surface temperature of the drop during evaporation. The deposits left behind after the evaporation were later scanned by a white light interferometer (Zygo, NewView 7300) for further analysis of the deposition distribution along the droplet diameter. The white light interferometer is also used to characterise and quantify substrate roughness. In this regard, it is important to distinguish between two surface characteristics, i.e., waviness and roughness. A spectral fractal analysis showed that the wafer possesses two levels of surface topography: a waviness and a nanoroughness. Careful analysis of all used substrates has shown that the waviness is isotropic i.e. does not depend on the directions. The characteristic length roughness parameter is close to 50 µm with mean height amplitude of 1 nm (mean diameter 70 µm). The roughness, on the other hand, can be seen as nanostructure over an area of about 10 µm² and height 0.2 nm and a mean diameter of 3 nm. Because the size of nanoparticles is around 50 nm, these two roughnesses are deemed too fine to significantly affect the interaction between the substrate and nanoparticles.

Furthermore, in order to characterise the deposits of nanoparticles on the wafer, the inspected surfaces must be defined on a square of 2.5 mm × 2.5 mm. The first step consists in dissociating the surface topography of the wafer and the nanoparticle deposits. Figure 3.1 represents the wafer topography. As it can be seen, the wafer macroscopic forms exhibit amplitude of 1 µm on a 1000 µm length.

Supporting Information

Supporting Information associated with this chapter is available in the online version. 

Flow pattern and deposition formation during evaporation

To understand the deposition features in transported away from the droplet centre and to reach the edge increases as the evaporation time proceeds [START_REF] Deegan | Pattern formation in drying drops[END_REF][START_REF] Still | Surfactant-induced Marangoni eddies alter the coffee-rings of evaporating colloidal drops[END_REF]. However, from the early stages of the evaporation, some nanoparticles move outward to the edge but do not deposit there.

These nanoparticles are convected back on the droplet surface towards the central region of the droplet, building a ring-like collection (cluster) of nanoparticles close to the air-liquid interface (see Figure 3.4h-k). The outgoing nanoparticles are in the same plane of those deposited at the pinned contact line, implying that these nanoparticles are close to the substrate surface, but the images of the convected backward nanoparticles are out of focus, indicating that the nanoparticles are near the air-liquid interface when they move inward to the top of the droplet [START_REF] Still | Surfactant-induced Marangoni eddies alter the coffee-rings of evaporating colloidal drops[END_REF][START_REF] Xu | Marangoni flow in an evaporating water droplet[END_REF]. The region between the contact line and the ring-like nanoparticles cluster forms an eddy region, as indicated in between two bars in Figure 3.4h-k. There is a clear eddy between the two lines, which points towards a convection roll in this region. The nature and origin of this convection will be discussed later. In the final stages of the evaporation, the ring-like cluster drifts towards the drop centre, increasing the width of the eddy, as shown in Figure 3.4h-k. The depinning of the contact line pushes back the ring-like cluster towards the central area (Figure 3.4k,l), and then the cluster deposits at the centre when the evaporation is completed. However, the deposition feature does not show a ring-like pattern at the droplet centre (see sample I in Figure 3.3b). The density profile also represents the higher fraction of the nanoparticles at the central region of the droplet, except at the contact line (see Figure 3.3cI). The video corresponding to this case shows the formation of the nearly uniform deposition as some nanoparticles do not deposit at the edge from the early stages of evaporation, preventing the coffee-ring effect [START_REF] Still | Surfactant-induced Marangoni eddies alter the coffee-rings of evaporating colloidal drops[END_REF].

Sequences showing the evaporation of the droplets on the substrates heated at 

Infrared thermography

It is well understood from the previous section that the Marangoni effect is potentially a responsible mechanism for the formation of the secondary ring as it pulls the suspended nanoparticles from the area in the vicinity of the edge to the top surface of the drying droplets. Marangoni flow is created by a surface tension gradient along the surface of a liquid droplet which is induced by either temperature or concentration gradients. In other words, the presence of a temperature gradient on the liquid droplet's surface induces the Marangoni effect. For this reason, the surface temperature distributions of the drying droplets shown in Figure 3.1a were visualised during the evaporation by means of an infrared camera, and the corresponding temperature profiles at different evaporation time are given in Figure 3.15. The infrared thermography results show that the surface temperature at the edge is the highest for all samples I-V shown in Figure 3.3 (see Figure 3.15). Thus, the droplet apex is the coolest position. Fluids naturally tend to flow from the region with lower surface tension to that of higher surface tension. The surface tension of ordinary liquids (e.g., water) decreases as temperature increases. Therefore, a radially inward surface flow is expected to be driven from the edge to the top region along the airliquid interface since the temperature decreases from the edge to the surface centre, as shown in Figure 3.15. In addition, a stagnation point should appear somewhere at the air-liquid interface close to the contact line, beyond which there is an outward surface flow (see Figure 3.16). Deegan et al. [START_REF] Deegan | Contact line deposits in an evaporating drop[END_REF] also confirmed the existence of such a stagnation point which occurs at the radial point at which the drag on the surface from an underlying liquid, which is diverging with the velocity as the contact line is approached, overcomes the oppositely directed surface tension gradient (see Figure 3.16). According to the experimental study of Xu and Luo [START_REF] Xu | Marangoni flow in an evaporating water droplet[END_REF], there are two flow regions in the evaporating droplets: one is the outward flow, in which particles move outward adjacent to the surface and stop at the edge; the other is the convective flow, in which particles move towards the contact line but then change their direction and move inward along the vapour-liquid interface. The authors found these two different flow regions by tracking the motion of particles and concluded that a stagnation point exists on the droplet surface closer to the contact line than the turning point of particles [START_REF] Xu | Marangoni flow in an evaporating water droplet[END_REF]. Moreover, the theoretical analysis of Xu et al. [START_REF] Xu | Linear growth of colloidal rings at the edge of drying droplets, Colloids Surfaces A Physicochem[END_REF] confirmed that, when the thermal Marangoni effect is remarkable and a stagnation point exists on the droplet surface, only the particles participating in the outward flow region can reach the contact line and form the deposit ring. In other words, all the particles inside the evaporating droplet do not form the deposit ring due to the existence of the stagnation point, and thus a group of particles appears in the convective flow region near the droplet surface [START_REF] Xu | Linear growth of colloidal rings at the edge of drying droplets, Colloids Surfaces A Physicochem[END_REF]. This behaviour is in good agreement with the observations of the present study showing that some nanoparticles stop at the edge and form the outer ring (shown by the solid arrows in In the previous section, it was mentioned that the eddy width can be attributed to the substrate temperature. Here, it may be noteworthy to mention that the eddy width of the drying droplets (47, 64, and 81 °C) at the initial depinning time (Figures 3.11aI 

Conclusions

In this study, a series of experiments were carried out to provide detailed observations of how a wide range of substrate temperatures can lead to three The infrared thermography results of all studied cases show that the droplet apex has the lowest temperature while the surface temperature increases with approaching the contact line and reaches its highest value at the edge. For the non-heated case, this temperature difference between the apex and edge can be due to the temperature difference between the drop and substrate. The surface temperature distribution as well as flow observation through microscopy confirm the existence of a thermally driven Marangoni flow within the evaporating droplets at all substrate temperatures.

The surface temperature difference between the edge and centre of the droplets increases with increasing substrate temperature, leading to a stronger Marangoni flow inside the drying droplets. The dual-ring deposition pattern can be obtained when the thermal Marangoni number in the range of 2.4 × 10 5 and 9.9 × 10 5 .

Beyond this range (𝑀 𝑎 𝑇 > 9.9 × 10 5 ), the probability of having the stick-slip regime 

Introduction

Droplet evaporation is a natural and omnipresent phenomenon in many practical applications ranging from technological applications such as heat transfer [START_REF] Barber | A review on boiling heat transfer enhancement with nanofluids[END_REF],

combustion [START_REF] Faeth | Evaporation and combustion of sprays[END_REF], polymers [START_REF] Uno | Particle adsorption in evaporating droplets of polymer latex dispersions on hydrophilic and hydrophobic surfaces[END_REF], and inkjet printing [START_REF] Park | Control of colloidal particle deposit patterns within picoliter droplets ejected by ink-jet printing[END_REF] to biological applications such as medical diagnostic techniques [START_REF] Yakhno | Salt-induced protein phase transitions in drying drops[END_REF]. The number of publications on the study of droplet evaporation has been considerably increasing since the 1980s [START_REF] Erbil | Evaporation of pure liquid sessile and spherical suspended drops: a review[END_REF].

However, the study becomes more complex for the droplets deposited onto a solid surface (the so-called sessile drops) as three phases of liquid, solid, and vapour coexist, forming a three-phase contact line (or the triple line) at the periphery.

The presence of insoluble solid particles, ranging from few microns to nanometres in size, inside a drying sessile droplet causes further complications in such studies because of adsorption of particles at the liquid-vapour interface and their interaction with the solid surface during evaporation [START_REF] Kovalchuk | Evaporation of sessile droplets[END_REF]. After the dry-out of a sessile drop containing suspensions, different deposition patterns can be formed on the substrate by the suspended particles. The most commonly known deposit is the "coffee-ring" effect or ring-shaped pattern. Deegan et al. [START_REF] Deegan | Capillary flow as the cause of ring stains from dried liquid drops[END_REF][START_REF] Deegan | Contact line deposits in an evaporating drop[END_REF] were first to find the physical mechanism behind this pattern formation. They observed that the solutes are dragged towards the pinned triple line by the outward capillary flow, and deposit at the edge.

The number of solutes arriving at the edge increases with evaporation time; and hence, a distinct ring-like pattern is left on a solid surface after complete evaporation.

Hu and Larson [START_REF] Hu | Marangoni effect reverses coffee-ring depositions[END_REF] found that the inward Marangoni flow inside the drying droplet can prevent the formation of the coffee-ring pattern as some particles are dragged to the central region of the drying droplet and deposit there. Therefore, not only continuous evaporation of liquid and pinning of the triple line are not sufficient for the generation of the coffee-ring pattern, but also the Marangoni effect should be suppressed or even eliminated. The Marangoni effect is driven by non-uniform surface tension distribution at the free surface of droplets as a result of either inhomogeneity of temperature or concentration at the liquid-vapour interface.

Uneven temperature distribution at the free surface of sessile droplets arises from non-monotonous evaporative cooling at the liquid-vapour interface and/or nonuniformity of heat transfer from the solid surface [START_REF] Kovalchuk | Evaporation of sessile droplets[END_REF]. Hu et al. [START_REF] Hu | Peculiar surface profile of poly(ethylene oxide) film with ring-like nucleation distribution induced by Marangoni flow effect[END_REF] studied evaporation of poly(ethylene oxide) (PEO) droplets on both isothermally and nonisothermally heated substrates. In the case of isothermal heating, a usual "puddle" structure was formed on the substrate as the capillary flow was dominant, whereas non-isothermal substrate (at above 60 °C) led to an unusual volcano-like pattern as a result of the dominant Marangoni flow [START_REF] Hu | Peculiar surface profile of poly(ethylene oxide) film with ring-like nucleation distribution induced by Marangoni flow effect[END_REF]. Maillard et al. [START_REF] Maillard | Rings and hexagons made of nanocrystals[END_REF] reported that the evaporation of silver nanocrystals in hexane left a ring made of hexagonal arrays, but no rings were observed when hexane was replaced with decane. The difference in the deposit was attributed to the evaporation time. The shorter evaporation lifetime induced the formation of such rings. It was found that increasing the evaporation time led to a decrease in the Marangoni number as well as temperature gradient.

Thus, the system reached equilibrium faster and instabilities disappeared. Under such conditions, nanocrystals were not organised and no rings were formed [START_REF] Maillard | Rings and hexagons made of nanocrystals[END_REF]. Parsa et al. [START_REF] Parsa | Effect of substrate temperature on pattern formation of nanoparticles from volatile drops[END_REF] carried out a series of experiments to understand the effect of substrate temperature on the deposition process of water-based nanofluid droplets. The authors found that the strength of the thermally induced Marangoni flow significantly affects the deposited patterns. On the non-heated substrate, a nearly uniform coverage was formed while at higher substrate temperatures, the stronger thermal Marangoni flow results in the formation of the "dual-ring" as well as the "stick-slip" patterns [START_REF] Parsa | Effect of substrate temperature on pattern formation of nanoparticles from volatile drops[END_REF]. For the dual-ring patterns, the authors also demonstrated that the distance between the peripheral (outer) and secondary (inner) rings decreases with increasing substrate temperature. Zhong and Duan [START_REF] Zhong | Disk to dual ring deposition transformation in evaporating nanofluid droplets from substrate cooling to heating[END_REF] studied the effect of substrate temperature from cooling to heating on the evaporation of water-based graphite nanofluid drops.

Increase in the substrate temperature led to the transformation of the dried deposits from a uniform disk-like profile to a dual ring. For the low substrate temperatures cooler than the atmosphere, most nanoparticles either deposited in the internal regions or contributed to the peripheral ring, leaving an annular gap between them.

For higher substrate temperature above the atmosphere, the inward Marangoni flow carried more nanoparticles to the liquid-vapour interface. Meanwhile, nanoparticles were driven towards the triple line by an enhanced outward radial flow. The cooccurrence of these two flows produced a dual-ring pattern after the complete evaporation [START_REF] Zhong | Disk to dual ring deposition transformation in evaporating nanofluid droplets from substrate cooling to heating[END_REF]. Zhong et al. [START_REF] Zhong | From enhancement to elimination of dual-ring pattern of nanoparticles from sessile droplets by heating the substrate[END_REF] studied the influence of substrate temperature on the morphology of water-based graphite nanofluid drops. They observed the dualring pattern due to the co-occurrence of both the inward thermal Marangoni flow and the radial outward flow. The annular gap between the exterior (peripheral) and interior (secondary) rings was decreased by increasing substrate temperature (from 22 to 64 °C), and finally with the further increase of temperature to 84 °C, the interior ring merged with the exterior ring. The expansion of the interior ring with increasing temperature was attributed to the enhanced outward flow [START_REF] Zhong | From enhancement to elimination of dual-ring pattern of nanoparticles from sessile droplets by heating the substrate[END_REF].

Another way to create the Marangoni effect is the manipulation of base fluids by adding surfactants or diverse liquids (i.e., high-carbon alcohols), which induces the concentration gradients at the free surface of drying droplets and consequently leading to a surface tension gradient along the free surface. This concentrationinduced Marangoni flow (also known as the solutal Marangoni) can have a dramatic effect on the deposited patterns and also the evaporation process of sessile droplets.

Still et al. [START_REF] Still | Surfactant-induced Marangoni eddies alter the coffee-rings of evaporating colloidal drops[END_REF] reported that the addition of ionic surfactant sodium dodecyl sulfate (SDS) leads to a more uniform deposition pattern as the surfactant-induced Marangoni eddies inhibit the coffee-ring effect. However, Crivoi and Duan [START_REF] Crivoi | Effect of surfactant on the drying patterns of graphite nanofluid droplets[END_REF] showed the nanofluid droplets with surfactant had a tendency to promote the coffeering pattern instead of the uniform coverage. Recently, it has been shown that thermocapillary effects superimpose the surfactant-dependent Marangoni, and hence, nanoparticles deposit in a flower-like pattern along the undulated triple line [START_REF] Dier | Thermocapillary fingering in surfactant-laden water droplets[END_REF].

Rather limited attention has been paid to the study of drying binary-or multicomponent-based drops, as compared with that of single component-based drops [START_REF] Rowan | Evaporation of microdroplets of azeotropic liquids[END_REF][START_REF] Sefiane | Wetting and evaporation of binary mixture drops[END_REF]. In general, the main focus of researchers has been on studying pure binary-based droplets without nanoparticles [START_REF] Sefiane | Experimental study of evaporating waterethanol mixture sessile drop: influence of concentration[END_REF][START_REF] Cheng | Evaporation of microdroplets of ethanol-water mixtures on gold surfaces modified with self-assembled monolayers[END_REF][START_REF] Liu | Evaporation of sessile water/ethanol drops in a controlled environment[END_REF][START_REF] Christy | A study of the velocity field during evaporation of sessile water and water/ethanol drops[END_REF][START_REF] Christy | Flow transition within an evaporating binary mixture sessile drop[END_REF]. Sefiane et al. [START_REF] Sefiane | Experimental study of evaporating waterethanol mixture sessile drop: influence of concentration[END_REF] studied the evolution of the profile of water-ethanol mixture drops on polytetrafluoroethylene (PTFE) substrate and reported that there are three distinct evaporation regimes contrary to evaporation of single-component drops. Cheng et al.

[189] and Liu et al. [START_REF] Liu | Evaporation of sessile water/ethanol drops in a controlled environment[END_REF] studied the evaporation of ethanol-water sessile droplets on different substrates, and both confirmed the existence of three evaporation regimes before complete drying. Christy et al. [START_REF] Christy | Flow transition within an evaporating binary mixture sessile drop[END_REF] used particle image velocimetry (PIV)

technique to measure the flow field along the base of a drying ethanol-water droplet.

The authors showed that the flow field inside drying droplets can be divided into three regimes. The first regime is dominated by multiple vortices, which reduce in number with evaporation time. This stage arises from surface tension gradients induced by concentration gradients. In the second regime, there is an exponential decay in vorticity and there is also a transition from multiple vortices to a radial flow towards the triple line (the third regime) [START_REF] Christy | Flow transition within an evaporating binary mixture sessile drop[END_REF]. The third regime is dominated by an outward flow, which is identical to the evaporation of a pure water droplet. Zhong

and Duan [START_REF] Zhong | Evaporation of sessile droplets affected by graphite nanoparticles and binary base fluids[END_REF] studied the effect of concentration of both ethanol and graphite nanoparticles on the evaporation dynamics and pattern formation of ethanol-water nanofluid droplets. They used microscopy technique to observe nanoparticle movement during evaporation to understand the underlying process behind the deposition pattern after the dry-out of these droplets [START_REF] Zhong | Evaporation of sessile droplets affected by graphite nanoparticles and binary base fluids[END_REF]. Zhong and Duan [START_REF] Zhong | Evaporation of sessile droplets affected by graphite nanoparticles and binary base fluids[END_REF] showed that the evaporation of water-based graphite nanofluid drops led to a relatively uniform dried pattern. The authors have reported that the dried patterns were sensitive to the ethanol concentration. With 10 vol % ethanol, most nanoparticle residuals detached from the drop edge and deposited in the central region. With 25 vol % ethanol, the uniform deposition was reported similar to the water-based drop. By increasing ethanol concentration to 40 and 50 vol %, the detachment occurred between the drop edge and interior deposits. This detachment was intensified by increasing ethanol from 40 to 50 vol % [START_REF] Zhong | Evaporation of sessile droplets affected by graphite nanoparticles and binary base fluids[END_REF]. Zhong and Duan [START_REF] Zhong | Flow regime and deposition pattern of evaporating binary mixture droplet suspended with particles[END_REF] also investigated the effect of ethanol concentration on the flow regimes and the deposition pattern of binary mixture nanofluid droplets. They reported the dried pattern from the water-based Al2O3 nanofluid showed the uniform deposit in the internal region enclosed with a distinct coffee-ring. With 10 vol % ethanol, aggregates of nanoparticles were produced due to the chaotic flow and strong vortices. These aggregates either stay at the interior area or are driven to the edge.

With 20 vol % ethanol, an evident gap was observed between the outer ring and interior stain. By increasing ethanol to 40 vol %, the non-uniformity of the interior region was increased resulting from evident agglomerations of nanoparticles.

Meanwhile, the outer coffee-ring was attenuated. By further increase of ethanol to 50 vol %, the agglomeration of nanoparticles was intensified, and hence, the disorder of the interior area was increased and the coffee-ring was weakened so that it was hardly an exterior ring [START_REF] Zhong | Flow regime and deposition pattern of evaporating binary mixture droplet suspended with particles[END_REF].

As mentioned above, different factors are involved in the formation process of the final dried deposits such as the fluid compositions [START_REF] Zhong | Evaporation of sessile droplets affected by graphite nanoparticles and binary base fluids[END_REF], environmental conditions [START_REF] Askounis | The effect of evaporation kinetics on nanoparticle structuring within contact line deposits of volatile drops[END_REF][START_REF] Parsa | Effect of substrate temperature on pattern formation of nanoparticles from volatile drops[END_REF], and internal flows including capillary and Marangoni effects [START_REF] Deegan | Pattern formation in drying drops[END_REF][START_REF] Fischer | Particle convection in an evaporating colloidal droplet[END_REF].

According to Zhong and Duan [START_REF] Zhong | Evaporation of sessile droplets affected by graphite nanoparticles and binary base fluids[END_REF], the formation process of deposition patterns by nanoparticles from nanofluid drops affected by the complex flows has not been comprehensively studied. A very recent work of Parsa et al. [START_REF] Parsa | Effect of substrate temperature on pattern formation of nanoparticles from volatile drops[END_REF] extensively studied the internal flow structure within evaporating water droplets containing nanosuspensions on heated substrates via an optical microscopy technique. Kim et al. [START_REF] Kim | Controlled uniform coating from the interplay of Marangoni flows and surface-adsorbed macromolecules[END_REF] studied the influence of a combination of an ethanol-water mixture, surfactant, and surface-adsorbed polymer on the final deposition pattern as well as the flow field.

Despite the aforementioned studies [START_REF] Zhong | Evaporation of sessile droplets affected by graphite nanoparticles and binary base fluids[END_REF][START_REF] Parsa | Effect of substrate temperature on pattern formation of nanoparticles from volatile drops[END_REF][START_REF] Kim | Controlled uniform coating from the interplay of Marangoni flows and surface-adsorbed macromolecules[END_REF][START_REF] Zhong | Flow regime and deposition pattern of evaporating binary mixture droplet suspended with particles[END_REF], there is still a lack of knowledge about the underlying mechanism of nanoparticle deposition, in particular for multicomponent droplets evaporating on heated substrates.

It is noteworthy to mention that ethanol has been widely used in the majority of the studies on the evaporation of binary mixture drops [START_REF] Zhong | Evaporation of sessile droplets affected by graphite nanoparticles and binary base fluids[END_REF][START_REF] Kim | Controlled uniform coating from the interplay of Marangoni flows and surface-adsorbed macromolecules[END_REF][START_REF] Sefiane | Experimental study of evaporating waterethanol mixture sessile drop: influence of concentration[END_REF][START_REF] Cheng | Evaporation of microdroplets of ethanol-water mixtures on gold surfaces modified with self-assembled monolayers[END_REF][START_REF] Liu | Evaporation of sessile water/ethanol drops in a controlled environment[END_REF][START_REF] Christy | Flow transition within an evaporating binary mixture sessile drop[END_REF][START_REF] Zhong | Flow regime and deposition pattern of evaporating binary mixture droplet suspended with particles[END_REF]. It is well known that ethanol aqueous solutions and pure water are ordinary fluids as their surface tension decreases with the increasing of their temperature. For the first time,

Vochten and Petre [START_REF] Vochten | Study of the heat of reversible adsorption at the airsolution interface. II. Experimental determination of the heat of reversible adsorption of some alcohols[END_REF] observed that the surface tension of dilute aqueous solutions of some high-carbon alcohols (number of carbon atoms ≥4) such as butanol increases as temperature exceeds a certain value. This is known as the inverse Marangoni effect. Petre and Azouni [START_REF] Petre | Experimental evidence for the minimum of surface tension with temperature at aqueous alcohol solution/air interfaces[END_REF] contributed to the study of these particular fluids by creating a temperature gradient on the surface of alcohol solutions. They found that there is the possibility of controlling the direction of the surface motion by employing the thermocapillary effect [START_REF] Petre | Experimental evidence for the minimum of surface tension with temperature at aqueous alcohol solution/air interfaces[END_REF]. Some experiments were also carried out to study these fluids in microgravity conditions [START_REF] Limbourg-Fontaine | Thermocapillary movements under microgravity at a minimum of surface tension[END_REF][START_REF] Abe | Microgravity experiments on dual vapor bubbles of self-wetting fluid[END_REF]. The term "self-rewetting" fluids was first used in the work of Abe and Iwasaki [START_REF] Abe | Microgravity experiments on dual vapor bubbles of self-wetting fluid[END_REF] who studied the Marangoni direction around two adjacent vapour bubbles at a heater surface for aqueous solution of butanol. Unlike ordinary fluids, the aqueous solution of butanol spreads towards the hot surface due to the inverse Marangoni effect, preventing the coalescence of bubbles and improving the boiling heat transfer [START_REF] Abe | Microgravity experiments on dual vapor bubbles of self-wetting fluid[END_REF]. These socalled self-rewetting fluids with the peculiar temperature dependence of surface tension have been attracting the attention of many researchers in thermal management for both terrestrial and space applications [START_REF] Abe | Flexible wickless heat pipes radiator with self-rewetting fluids[END_REF][START_REF] Savino | Surface tension-driven flow in wickless heat pipes with self-rewetting fluids[END_REF][START_REF] Savino | Self-rewetting heat transfer fluids and nanobrines for space heat pipes[END_REF][START_REF] Savino | Some experimental progresses in the study of self-rewetting fluids for the SELENE experiment to be carried in the Thermal Platform 1 hardware[END_REF][START_REF] Di Paola | Selfrewetting carbon nanofluid as working fluid for space and terrestrial heat pipes[END_REF]. Savino et al. [START_REF] Savino | Surface tension-driven flow in wickless heat pipes with self-rewetting fluids[END_REF] conducted experiments to investigate the behaviour of self-rewetting fluids inside wickless heat pipes. They found that the size of vapour slugs at the hot side were much smaller in comparison to water [START_REF] Savino | Surface tension-driven flow in wickless heat pipes with self-rewetting fluids[END_REF]. There was also more liquid in the evaporation region of the heat pipe filled with self-rewetting fluids compared to that filled with water, leading to better thermal performances for the heat pipes filled with self-rewetting fluids [START_REF] Savino | Surface tension-driven flow in wickless heat pipes with self-rewetting fluids[END_REF]. For the first time, Sato et al. [START_REF] Sato | Thermal performance of self-rewetting fluid heat pipe containing dilute solutions of polymer-capped silver nanoparticles synthesized by microwave-polyol process[END_REF] reported the improvement in the critical heat flux of the heat pipe filled with the self-rewetting fluid containing silver nanoparticles. Since then, there has been increasing interest of using these so-called self-rewetting nanofluids in heat-transfer devices [START_REF] Savino | Self-rewetting heat transfer fluids and nanobrines for space heat pipes[END_REF][START_REF] Di Paola | Selfrewetting carbon nanofluid as working fluid for space and terrestrial heat pipes[END_REF]204,[START_REF] Su | Experimental study on the heat transfer performance of an oscillating heat pipe with self-rewetting nanofluid[END_REF]. A recent work by Su et al. [START_REF] Su | Experimental study on the heat transfer performance of an oscillating heat pipe with self-rewetting nanofluid[END_REF] demonstrated the heat-transfer enhancement of oscillating heat pipes charged with self-rewetting nanofluids due to both the inverse Marangoni effect and higher thermal conductivity. Despite these abovementioned studies relevant to the evaporation of self-rewetting nanofluids [START_REF] Savino | Self-rewetting heat transfer fluids and nanobrines for space heat pipes[END_REF][START_REF] Di Paola | Selfrewetting carbon nanofluid as working fluid for space and terrestrial heat pipes[END_REF]204,[START_REF] Su | Experimental study on the heat transfer performance of an oscillating heat pipe with self-rewetting nanofluid[END_REF], the literature shows that the understanding of mechanisms behind the deposition patterns left from the self-rewetting nanofluids is still lacking.

In the present study, the effect of silicon substrate temperatures (from ambient to 99 °C) on the evaporation of binary-based CuO nanofluid sessile droplets is investigated. Optical microscopy is used to study the flow dynamics within an evaporating droplet until the complete drying to understand the role of nanoparticle movement on the deposition pattern. In addition, the interfacial thermal activity at the liquid-vapour interface is studied during evaporation by means of infrared thermography. The formation of patterns from these drying binary droplets is discussed and related to the end of the underlying physical mechanism.

Experimental Methods

Solution

The binary mixture is an alcohol aqueous solution consisting of distilled water and 1butanol (with a concentration of 5 wt %). This specific concentration was selected based on literature indicating self-rewetting behaviour [START_REF] Abe | Flexible wickless heat pipes radiator with self-rewetting fluids[END_REF][START_REF] Savino | Surface tension-driven flow in wickless heat pipes with self-rewetting fluids[END_REF][START_REF] Savino | Self-rewetting heat transfer fluids and nanobrines for space heat pipes[END_REF][START_REF] Savino | Some experimental progresses in the study of self-rewetting fluids for the SELENE experiment to be carried in the Thermal Platform 1 hardware[END_REF][START_REF] Di Paola | Selfrewetting carbon nanofluid as working fluid for space and terrestrial heat pipes[END_REF]. It is noteworthy to mention that the saturation vapour pressure of water is 3.166 and 97.75 kPa at 25 and 99 °C, respectively. For butanol, the saturation vapour pressure is 0.905 and 49.937 

Droplet deposition

Smooth silicon wafers were ultrasonicated in distilled water for at least 30 min before the experiments. Then, they were carefully cleaned and rinsed with distilled water and acetone and then dried by using an air dryer. Detailed description of the characterisation and quantification of substrate roughness is provided in the study of Parsa et al. [START_REF] Parsa | Effect of substrate temperature on pattern formation of nanoparticles from volatile drops[END_REF] and will not be repeated here. The droplet of 0.05 wt % nanofluidbased butanol aqueous solution (with varying size from 0.5 to 1.1 μL) was deposited onto the heated silicon substrates by means of a motor-driven dosing system of a DSA30 drop shape analyser (KRÜSS GmbH). A tempering chamber (KRÜSS GmbH, TC40) in combination with a humidity chamber (KRÜSS GmbH, HC10) was mounted on the DSA30, inside which the experiments were carried out under controlled environmental conditions of pressure, temperature, and relative humidity of 1 atm, 25 °C, and 30%, respectively. The substrate temperature was controlled at four different temperatures of 47, 64, 81, and 99 °C. Besides, the experiment was carried out on the non-heated substrate. In order to establish reproducibility, the experiment was repeated at least five times at each substrate temperature.

Imaging

The was employed to record the evaporation process of drying droplets at magnification zoom of 100× and 500×. For this part of the experiment, the droplet was deposited onto the substrate by means of a syringe pump (KdScientific, legato 100) under ambient conditions at the aforementioned temperature and relative humidity. A white light interferometer (Zygo, NewView 7300) was also used to scan the deposits after the complete evaporation to analyse the deposition distribution along the droplet base.

Supporting Information

Supporting Information associated with this chapter is available in the online version. However, the contact angle decreases throughout the evaporation process. known as stick-slip was reported by some researchers [START_REF] Askounis | The effect of evaporation kinetics on nanoparticle structuring within contact line deposits of volatile drops[END_REF][START_REF] Parsa | Effect of substrate temperature on pattern formation of nanoparticles from volatile drops[END_REF][START_REF] Orejon | Stick-Slip of evaporating droplets: Substrate hydrophobicity and nanoparticle concentration[END_REF]. Parsa et al. [START_REF] Parsa | Effect of substrate temperature on pattern formation of nanoparticles from volatile drops[END_REF] observed the stick-slip behaviour for the evaporation of CuO-water nanofluid drop let at 99 °C. It is clear that butanol has no noticeable effect on the deposition pattern at 99 °C. After the complete evaporation of the droplets at temperatures of 47, 64, and 81 °C, the highest (81 °C) and the lowest (47 °C) substrate temperatures show the longest (~1841 μm) and the shortest (~1106 μm) diameters of secondary rings, respectively, as shown in Figure 4.11. In other words, the higher the substrate temperature, the larger is the secondary ring. By analysis of the video microscopy (Supporting Information Videos S4 and S6), it is understood that the deposition of the secondary ring occurs when the depinned triple line reaches the ring-like cluster, revealing that the size of the secondary ring or the eddy width after the complete evaporation is significantly affected by the depinning of the triple line [START_REF] Parsa | Effect of substrate temperature on pattern formation of nanoparticles from volatile drops[END_REF]. Parsa et al. [START_REF] Parsa | Effect of substrate temperature on pattern formation of nanoparticles from volatile drops[END_REF] reported that the higher evaporation rate enhances nanoparticle velocity, and hence, nanoparticles arrive more rapidly at the depinned triple line, leading to a larger secondary ring (or a shorter eddy width) after the evaporation is completed. which is known as the stick-slip pattern. This behaviour prevents the deposition of the ring-like cluster at the liquid-vapour interface (Figure 4.12h,i) onto the substrate, thereby the dual-ring pattern cannot be seen at 99 °C. The pinning allows more nanoparticle deposit at the triple line of an evaporating droplet, acting as a potential energy barrier preventing the depinning of the droplet [START_REF] Orejon | Stick-Slip of evaporating droplets: Substrate hydrophobicity and nanoparticle concentration[END_REF]. It is known that the droplet depins when this energy barrier is overcome by an excess of free energy arisen from the change in the shape of the droplet (or the system is out of equilibrium) [START_REF] Askounis | The effect of evaporation kinetics on nanoparticle structuring within contact line deposits of volatile drops[END_REF][START_REF] Orejon | Stick-Slip of evaporating droplets: Substrate hydrophobicity and nanoparticle concentration[END_REF]. In the pinning cases, the excess free energy is insufficient to depin the triple line; thus, the energy barrier is unachievable [START_REF] Askounis | The effect of evaporation kinetics on nanoparticle structuring within contact line deposits of volatile drops[END_REF]. Increasing the substrate temperature and hence enhancing the evaporation rate cause the higher accumulation of nanoparticles, leading to higher particle concentration at the triple line [START_REF] Askounis | The effect of evaporation kinetics on nanoparticle structuring within contact line deposits of volatile drops[END_REF]. The value of the excess free energy is an increasing function of nanoparticle concentration [START_REF] Orejon | Stick-Slip of evaporating droplets: Substrate hydrophobicity and nanoparticle concentration[END_REF]. Therefore, in some cases with a high evaporation rate (i.e., 99 °C), the excess free energy can be equivalent to the energy barrier causing the slip (or jump) of the triple line. The depinning triple line tends to reach a more energetically favourable position (i.e., a new pinning phase or the stick of the triple line) which should be indicative of both the nanoparticle concentration at the triple line as well as the potential energy barrier [START_REF] Askounis | The effect of evaporation kinetics on nanoparticle structuring within contact line deposits of volatile drops[END_REF][START_REF] Orejon | Stick-Slip of evaporating droplets: Substrate hydrophobicity and nanoparticle concentration[END_REF]. 

Results and Discussion

Deposition patterns formed by nanoparticles

Thermal imaging and Marangoni effect

It is known that for pinned binary mixture drops, the contact angle decreases, whereas the change in characteristics at the triple line is shown in terms of the change in the evaporation rate [START_REF] Christy | Flow transition within an evaporating binary mixture sessile drop[END_REF]. In Figure 4.15, the evaporation rate of a pinned butanol-water mixture drop (at 64 °C) is divided into three regimes. The first (regime I) and last regimes (regime III) have the highest and lowest evaporation rates, approximately. These regimes are identified by evolution of volume for all drops, and then, the transition time between two consecutive regimes is correlated to the infrared thermography data. Figures 4.16 and 4.17 show the thermal imaging of evaporating droplets corresponding to the dried droplets shown in Figure 4.2b at substrate temperatures of 64 and 81 °C. Infrared thermography results (for all studied temperatures) reveal that the evaporation of binary mixture droplets can be divided into three regimes in terms of thermal patterns [START_REF] Christy | Flow transition within an evaporating binary mixture sessile drop[END_REF][START_REF] Bennacer | Vortices, dissipation and flow transition in volatile binary drops[END_REF]. In regime I, a high number of multiple convection vortices appear on the surface of drying droplets (see Figures

4.16a-h and 4.17a-h).

As the droplets are very small with a radius (R ≈ 0.94 -1.18) smaller than the capillary length 𝑙 𝑐 = √𝜎/𝜌𝑔 in a range between 1.92 and 2.62, the observed convection cannot be due to buoyancy-driven flows. In addition, the multiple vortices in regime I were not seen for the evaporation of pure water-based nanofluid droplets on the same substrate and similar temperatures [START_REF] Parsa | Effect of substrate temperature on pattern formation of nanoparticles from volatile drops[END_REF]; thus, neither buoyancy-driven flow nor gravity is considered to be driving the vortices. By using thermal imaging, small temperature differences at the droplets' surface were observed; hence, thermocapillary is unlikely to be the mechanism behind convection [START_REF] Christy | Flow transition within an evaporating binary mixture sessile drop[END_REF][START_REF] Bennacer | Vortices, dissipation and flow transition in volatile binary drops[END_REF]. It is believed that the multiple vortices in regime I may be arising from concentration gradients at the liquid-vapour interface, which affect local surface tension [START_REF] Christy | Flow transition within an evaporating binary mixture sessile drop[END_REF][START_REF] Bennacer | Vortices, dissipation and flow transition in volatile binary drops[END_REF]. However, there is the possibility that non-uniform evaporation resulting from concentration variation is likely to cause small temperature variations, which may also lead to surface tension gradients [START_REF] Christy | Flow transition within an evaporating binary mixture sessile drop[END_REF]. To check the effect of the Marangoni flow on the thermal patterns, the variations of both the solutal Marangoni (𝑀 𝑎 𝑆 ), and the thermal Marangoni (𝑀 𝑎 𝑇 ) numbers throughout the evaporation process are provided in volatile component and evaporates first, despite the fact that pure alcohols have a higher boiling point than water [START_REF] Abe | Flexible wickless heat pipes radiator with self-rewetting fluids[END_REF]. The variation in local concentration at the droplet interface could be due to diffusion from the bulk liquid inside droplets to the interface, evaporation, and diffusion into the gas phase [START_REF] Christy | Flow transition within an evaporating binary mixture sessile drop[END_REF][START_REF] Bennacer | Vortices, dissipation and flow transition in volatile binary drops[END_REF]. As evaporation proceeds, the number of multiple vortices decreases [START_REF] Bennacer | Vortices, dissipation and flow transition in volatile binary drops[END_REF]. Regime II or the transition regime rapidly occurs when the flow slows down. Convection vortices remain on one side of the drying droplet to disappear near the triple line (see Figures

4.16k-o and 4.17k-m

). In the previous section, it is understood that there is an exception for the transition regime at substrate temperatures of 81 and 99 °C, where two distinctive counter-rotating vortices can be observed following the chaotic flow (or regime I). Those two vortices can be seen in Figure 4.17o (81 °C) indicated by two arrows. Two physical mechanisms could be considered for the observations during the transition regime: One is diffusion of the final and limited content of butanol from the bulk liquid to the interface leading to very weak concentration gradients at the interface [START_REF] Christy | Flow transition within an evaporating binary mixture sessile drop[END_REF]; the other could be viscous dissipation [START_REF] Bennacer | Vortices, dissipation and flow transition in volatile binary drops[END_REF].

Bennacer and Sefiane [START_REF] Bennacer | Vortices, dissipation and flow transition in volatile binary drops[END_REF] have shown that once the driving force for the solutal Marangoni switches off, viscous forces dictate the flow evolution. Therefore, the decay in vorticity intensity is completely determined by viscous dissipation [START_REF] Bennacer | Vortices, dissipation and flow transition in volatile binary drops[END_REF].

After the complete transition, no vortices are left on the droplet's surface similar to thermal imaging of evaporating CuO-water droplets (see Figures 4.16p and 4.17p).

As shown in Figure 4.18aI-III, the solutal Marangoni continues to decrease after the transition regime (regime II), whereas the thermal Marangoni remains constant, and then decreases at the late stages of regime III. The order of the magnitude of the solutal Marangoni becomes lower quickly after regime II compared to that of the thermal Marangoni, indicating the dominance of the thermal Marangoni flow in regime III. This indicates that the majority of butanol may be depleted during regimes I and II. The absence of vortices at the interface and also identical thermal imaging to pure water-based droplets also show the solutal Marangoni is no further responsible for regime III. Furthermore, regime III corresponds to that observed by video microscopy showing some particles moving outward to the triple line and deposit at the edge, whereas some other particles return from the area close to the periphery towards the centre along the liquid-vapour interface. Both thermal imaging and tracing of nanoparticles during regime III demonstrate that the internal flow structure is identical to that found for evaporation of CuO-water droplets [START_REF] Parsa | Effect of substrate temperature on pattern formation of nanoparticles from volatile drops[END_REF].

Therefore, the main source of flow motion in regime III (except for non-heated substrate) is the thermal Marangoni driven by inhomogeneous temperature distribution along the droplet surface. For non-heated substrate, the outward capillary flow is dominant as there is a rather weak temperature gradient along the droplet surface [START_REF] Parsa | Effect of substrate temperature on pattern formation of nanoparticles from volatile drops[END_REF]. For heated substrates, temperature gradients are strong enough to induce the Marangoni effect. Similarly to evaporation of CuO-water droplets [START_REF] Parsa | Effect of substrate temperature on pattern formation of nanoparticles from volatile drops[END_REF],

the thermal imaging results for the last regime show that the droplet apex is the coolest position while the edge has the highest temperature. As the surface tension of water decreases with increasing temperature, water flows from lower surface tension to higher surface tension regions. This is confirmed by tracking nanoparticles within evaporating droplets, showing a radially inward surface flow from the edge to the top region along the droplet interface. However, a cluster of nanoparticles is simultaneously driven by the outward capillary flow adjacent to the substrate. Some of these nanoparticles deposit at the edge, and some others are the aforementioned repelled nanoparticles driven by the thermal Marangoni effect. Both experimental and theoretical studies confirm that a stagnation point exists on the droplet surface very close to the triple line when the thermal Marangoni effect is significant (see 

Abstract

In this study, pattern formation during evaporation of bidispersed drops (containing 1 and 3.2 μm particles) placed on a smooth substrate at different temperatures is investigated. Five distinctive deposition patterns are observed depending on the substrate temperature: a relatively uniform pattern enclosed by a disk-shaped ring, a nearly non-uniform pattern inside a thick outer ring, a "dual-ring" pattern, a "roselike" pattern, and a set of concentric rings corresponding to the "stick-slip" pattern.

At drops edge, the particle size effect leads to the formation of three rings: an outermost ring formed by the non-volatile additives smaller than 1 μm, a middle ring built by particles with size of 1 μm, and an innermost ring formed by the mixture of 1 and 3.2 μm. For temperatures between 64 and 99 °C, the depinning of the contact line causes the same particle sorting at the other deposition lines in the interior of the drop. However, the width of the zone between the outermost ring and the middle ring at the initial edge of the drop is found to be smaller than that at the other deposition lines. The size of the width is found to be dependent on the contact angle. 

Introduction

The drying of a sessile droplet containing non-volatile solute can lead to the formation of a deposition pattern on the substrate. A full understanding of the pattern formation is of vital importance as it plays a crucial role in many industrial applications, such as inkjet printing [START_REF] Kawase | Inkjet printed via-hole interconnections and resistors for all-polymer transistor circuits[END_REF][START_REF] De | Inkjet printing of polymers: State of the art and future developments[END_REF][START_REF] Bermel | Particle size effects in pigmented ink jet inks[END_REF][START_REF] Sowade | Inkjet printing of colloidal nanospheres: Engineering the evaporation-driven self-assembly process to form defined layer morphologies[END_REF], lithography [START_REF] Harris | Patterning colloidal films via evaporative lithography[END_REF], micropatterning of electronics [START_REF] Choi | Pattern formation in drying of particle-laden sessile drops of polymer solutions on solid substrates[END_REF], and photonics [START_REF] Xia | Self-assembly approaches to three-dimensional photonic crystals[END_REF]. Moreover, the study of the pattern formation is of increasing biological importance [START_REF] Brutin | Pattern formation in drying drops of blood[END_REF][START_REF] Chen | Blood drop patterns: Formation and applications[END_REF]. The most commonly observed pattern is the "coffee-ring" effect or the ring-like deposit, which is created by the deposition of particles at the edge arisen from the net outward capillary flow on the liquid-solid interface [START_REF] Deegan | Capillary flow as the cause of ring stains from dried liquid drops[END_REF][START_REF] Deegan | Contact line deposits in an evaporating drop[END_REF]. It is well known that the coffeering effect can be reversed by the inward Marangoni flow driven by the surface tension gradient along the liquid-vapour interface [START_REF] Hu | Marangoni effect reverses coffee-ring depositions[END_REF]. The inward Marangoni flow causes some particles to travel towards the centre along the free surface and deposit in the central regions of the drying droplet. This phenomena leads to the formation of different patterns such as the uniform deposition, "dual-ring" [START_REF] Parsa | Effect of substrate temperature on pattern formation of nanoparticles from volatile drops[END_REF], "stick-slip" [START_REF] Parsa | Effect of substrate temperature on pattern formation of nanoparticles from volatile drops[END_REF],

and volcano-like patterns [START_REF] Hu | Peculiar surface profile of poly(ethylene oxide) film with ring-like nucleation distribution induced by Marangoni flow effect[END_REF]. There are a number of factors affecting the pattern formation, which can be manipulated to control internal flow motion as well as the dried deposits for use in the aforementioned applications, such as altering environmental conditions (i.e., atmospheric pressure [START_REF] Askounis | The effect of evaporation kinetics on nanoparticle structuring within contact line deposits of volatile drops[END_REF], substrate temperature [START_REF] Parsa | Effect of substrate temperature on pattern formation of nanoparticles from volatile drops[END_REF][START_REF] Hu | Peculiar surface profile of poly(ethylene oxide) film with ring-like nucleation distribution induced by Marangoni flow effect[END_REF], relative humidity [START_REF] Brutin | Influence of relative humidity and nano-particle concentration on pattern formation and evaporation rate of pinned drying drops of nanofluids[END_REF]), applying electrowetting [START_REF] Eral | Suppressing the coffee stain effect: how to control colloidal self-assembly in evaporating drops using electrowetting[END_REF][START_REF] Orejon | Evaporation of nanofluid droplets with applied DC potential[END_REF], manipulating the base fluid [START_REF] Zhong | Evaporation of sessile droplets affected by graphite nanoparticles and binary base fluids[END_REF][START_REF] Zhong | Flow regime and deposition pattern of evaporating binary mixture droplet suspended with particles[END_REF], adding surfactants [START_REF] Still | Surfactant-induced Marangoni eddies alter the coffee-rings of evaporating colloidal drops[END_REF][START_REF] Sempels | Auto-production of biosurfactants reverses the coffee ring effect in a bacterial system[END_REF][START_REF] Crivoi | Effect of surfactant on the drying patterns of graphite nanofluid droplets[END_REF], varying the solute (i.e., shape [START_REF] Yunker | Suppression of the coffee-ring effect by shape-dependent capillary interactions[END_REF], size, and concentration [START_REF] Chon | Effect of nanoparticle sizes and number densities on the evaporation and dryout characteristics for strongly pinned nanofluid droplets[END_REF][START_REF] Lee | Study of residue patterns of aqueous nanofluid droplets with different particle sizes and concentrations on different substrates[END_REF]).

Another factor that affects the deposition patterns is employing different particle sizes inside a drying droplet simultaneously. Huang et al. [START_REF] Huang | Spontaneous formation of nanoparticle stripe patterns through dewetting[END_REF] showed that the mixture of 50 nm silver and 100 nm gold nanoparticles in water forms well-aligned stripe patterns onto a silicon dioxide/silicon substrate through dip-coating. Jung and Kwak [START_REF] Jung | Separation of microparticles and biological cells inside an evaporating droplet using dielectrophoresis[END_REF] reported that 1 and 6 μm polystyrene particles can be separated using the dielectrophoretic (DEP) force created by the micro-patterned gold electrode on the silicon dioxide layer and the drag force generated by the outward flow in an evaporating droplet. The authors showed that the two sized particles self-assembled near the contact line. The smaller particles deposited at the edge, whereas the larger ones deposited separately with a constant distance (of ~ 67 μm) from the smaller ones. The separation of the red blood cells and Escherichia coli was also observed by the same method [START_REF] Jung | Separation of microparticles and biological cells inside an evaporating droplet using dielectrophoresis[END_REF]. Erb et al. [START_REF] Erb | Magnetic assembly of colloidal superstructures with multipole symmetry[END_REF] applied the magnetostatic interaction between 1 and 2.7 μm Fe2O3 particles to assemble diverse sets of structures such as rings (a large particle is surrounded by smaller particles) and poles (small particle aggregates on two sides of a large particle). Jung et al. [START_REF] Jung | Behavior of particles in an evaporating didisperse colloid droplet on a hydrophilic surface[END_REF] divided the dispersing of the polystyrene micro-(5 μm) and nanoparticles (500 nm) in an evaporating droplet into the three phases by using particle-tracking velocimetry. In the first phase, the micro-and nanoparticles migrated towards the pinned contact line and deposited there. In the second phase, the separation of the two sized particles near the contact line was observed similar to Jung and Kwak [START_REF] Jung | Separation of microparticles and biological cells inside an evaporating droplet using dielectrophoresis[END_REF]. In the third phase, the receding contact line causes the movement of the micro-particles towards the centre of the droplet. Sangani et al. [START_REF] Sangani | Capillary force on particles near a drop edge resting on a substrate and a criterion for contact line pinning[END_REF] also reported that the small particles (of 3 μm) moved towards the contact line and deposited at the drop edge, leading to the contact line pinning. On the other hand, the larger particles (of 50 μm) collected as a chain, keeping a distance from the small ones. The distance between the chain of the large particles and the edge increases slowly with time as the drop height decreases, and thus the chain moves inward. However, unlike the bidispersed suspension, this distance between the particles and the edge remained nearly constant in most monodispersed suspension cases [START_REF] Sangani | Capillary force on particles near a drop edge resting on a substrate and a criterion for contact line pinning[END_REF]. Weon and Je [START_REF] Weon | Capillary force repels coffee-ring effect[END_REF] also observed the increasing distance between the chain of large polystyrene particles (20 μm) and the drop edge, whereas small particles (2 μm) segregated at the edge. The authors concluded that the reversal motion of large particles happens when the inward force driven by the capillary force overcomes the outward force driven by the coffee-ring effect. This competition between these two forces affected the pattern left after the evaporation of 0.2 and 3.6 μm diameter poly(methyl methacrylate) (PMMA) particles in water [START_REF] Weon | Capillary force repels coffee-ring effect[END_REF]. At first, the initial ring of small particles at the edge was formed, and then, the large particles moved inwardly to the central regions; then, a new ring of deposits was formed when the reverse motion was stopped by rupture.

This behaviour was repeated several times and consequently multiple rings were formed on the substrate [START_REF] Weon | Capillary force repels coffee-ring effect[END_REF]. Chhasatia and Sun [START_REF] Chhasatia | Interaction of bi-dispersed particles with contact line in an evaporating colloidal drop[END_REF] studied the evaporation of bidispersed drop containing 0.1 and 1.1 μm particles on substrates with different wettabilities (receding contact angle varied from 85 to 0°). Because the state of substrate wettability significantly affects the duration of evaporation modes (i.e., constant contact area, constant contact angle, and mixed modes), different microflow patterns within evaporating drops were observed for each evaporation mode. As a result, different deposition patterns were found for substrates of varying wettabilities [START_REF] Chhasatia | Interaction of bi-dispersed particles with contact line in an evaporating colloidal drop[END_REF]. Monteux and Lequeux [START_REF] Monteux | Packing and sorting colloids at the contact line of a drying drop[END_REF] showed a thin liquid film without particles at the edge in the case of monodispersed drop. The width of the depleted zone was found to be controlled by the particle size and contact angle. This phenomenon was reported to be useful to sort two different particle sizes inside the drop as the smaller particles can penetrate further into the edge, leading to the separation of smaller particles from the larger ones. Wong et al. [START_REF] Wong | Nanochromatography driven by the coffee ring effect[END_REF] studied the deposition of three different-sized polystyrene particles (of 40 nm, 1, and 2 μm) in a water droplet. The largest and smallest particles formed the innermost and outermost rings on the substrate after the dry-out of the droplet, respectively. Devlin et al. [START_REF] Devlin | The importance of gravity in droplet evaporation: A comparison of pendant and sessile drop evaporation with particles[END_REF] investigated the effect of the gravity direction on the deposition patterns of two different (1 and 3.2 μm) sized particles in a sessile and a pendant drop both deposited onto silicon substrates. For the pendant drop, only small particles deposited at the edge and the dried central region contained the large particles. However, for the sessile drop, the mixture of 1 and 3.2 μm sized particles deposited at the edge [START_REF] Devlin | The importance of gravity in droplet evaporation: A comparison of pendant and sessile drop evaporation with particles[END_REF][START_REF] Devlin | The separation of two different sized particles in an evaporating droplet[END_REF], and both two particle sizes were found in the centre of the dried drop [START_REF] Devlin | The importance of gravity in droplet evaporation: A comparison of pendant and sessile drop evaporation with particles[END_REF]. Zhong et al. [START_REF] Zhong | Deposition patterns from evaporating sessile droplets with suspended mixtures of multi-sized and multi-species hydrophilic and non-adsorbing nanoparticles[END_REF] reported that the evaporation of water sessile droplets with 40 nm Al2O3 nanoparticles left behind a fractal-like deposit, whereas the 5 nm nanoparticles formed a coffee-ring pattern with a thick deposition in the centre of the dried droplet. The authors demonstrated that the coexisting of 5 and 40 nm Al2O3 nanoparticles eliminated the non-uniform pattern formed either by the 5 or 40 nm nanoparticles, leading to a more uniform mixture pattern.

A review of the relevant literature indicates that most studies have been devoted to understanding the behaviour of multi-sized particles in liquid drops evaporating on non-heated substrates [START_REF] Jung | Behavior of particles in an evaporating didisperse colloid droplet on a hydrophilic surface[END_REF][START_REF] Wong | Nanochromatography driven by the coffee ring effect[END_REF][START_REF] Zhong | Deposition patterns from evaporating sessile droplets with suspended mixtures of multi-sized and multi-species hydrophilic and non-adsorbing nanoparticles[END_REF][START_REF] Chhasatia | Interaction of bi-dispersed particles with contact line in an evaporating colloidal drop[END_REF][START_REF] Huang | Spontaneous formation of nanoparticle stripe patterns through dewetting[END_REF][START_REF] Jung | Separation of microparticles and biological cells inside an evaporating droplet using dielectrophoresis[END_REF][START_REF] Erb | Magnetic assembly of colloidal superstructures with multipole symmetry[END_REF][START_REF] Sangani | Capillary force on particles near a drop edge resting on a substrate and a criterion for contact line pinning[END_REF][START_REF] Weon | Capillary force repels coffee-ring effect[END_REF][START_REF] Monteux | Packing and sorting colloids at the contact line of a drying drop[END_REF][START_REF] Devlin | The importance of gravity in droplet evaporation: A comparison of pendant and sessile drop evaporation with particles[END_REF][START_REF] Devlin | The separation of two different sized particles in an evaporating droplet[END_REF]. However, only a few works have investigated the influence of heated substrates in this field [START_REF] Jeong | Nano-particle separation using Marangoni flow in evaporating droplets[END_REF][START_REF] Han | Assembling and positioning latex nanoparticles via controlled evaporative self-assembly[END_REF][START_REF] Hendarto | Size sorting of floating spheres based on Marangoni forces in evaporating droplets[END_REF]. Han et al. [START_REF] Han | Assembling and positioning latex nanoparticles via controlled evaporative self-assembly[END_REF] showed that two different particle sizes of 50 and 500 nm can self-assemble into arranged stripe patterns by confining the solution between a cylindrical lens and heated hydrophobic silicon substrate at 80 °C. Jeong et al. [START_REF] Jeong | Nano-particle separation using Marangoni flow in evaporating droplets[END_REF] showed that a combination of the coffee-ring and strong Marangoni effects can be used to sort different-sized particles (from 100 nm to 15 μm) on a hydrophilic substrate heated at 36 °C. The particles were not separated on hydrophobic substrates due to the constant, large contact angle as well as the unpinned contact line during the evaporation, leading to the transportation of the particles away from the contact line.

Eventually, the particles of different sizes were overlapped at the contact line on hydrophobic surfaces. Hendarto and Gianchandani [START_REF] Hendarto | Size sorting of floating spheres based on Marangoni forces in evaporating droplets[END_REF] investigated the effect of Marangoni convection on the size sorting of multiple-sized hollow glass spheres (ranging from 5 to 200 μm in diameter) suspended in an isopropyl droplet by heating a glass substrate for a wide range of temperatures (55-85 °C). Although the smaller spheres (< 50 μm) were found everywhere throughout the dried droplet at 55 °C, the larger spheres (150-200 μm) were mainly deposited in the centre of the dried region.

At 85 °C (over the boiling point of isopropyl), most of the smaller spheres were deposited at the areas near the edge.

To the best of our knowledge, there is no article available to study the effect of various temperatures on the mixture of two sized particles suspended in water-based sessile droplets. In this study, the effect of a wide range of substrate temperatures (from 22 to 99 °C) is investigated on the internal flow structure as well as the deposit features of two different-sized particles in water droplets drying on smooth silicon substrates. In addition, for the first time, the motion of two sized particles is tracked within a drying droplet on a heated substrate using reflection optical microscopy.

Experimental Procedure

Solution

The aqueous suspension was made from yellow-green fluorescent carboxylatemodified polystyrene latex beads with mean diameter of 1 μm (Sigma-Aldrich), and Fluoro-Max TM red fluorescent polymer microspheres with diameter of 3.2 μm (Thermo Scientific) in MilliQ water. The mass concentration of particles was 0.025 wt % with equal parts of each particle size.

Deposition

Smooth silicon wafers were ultrasonicated and thoroughly rinsed with deionised water and acetone, followed by air drying (Elma Company) to remove the moisture.

A programmable syringe pump (KdScientific, legato 100) was used to deposit the drop solution (with varying size from 0.5 to 6 μL) onto the hot silicon substrate, which was placed on a plate heated at temperatures of 51, 64, 81, and 99 °C. The experiment was also carried out onto non-heated substrate (22 °C). Each set of experiments was repeated at least five times. The atmospheric conditions were monitored during the experiments using a sensor (Hygrosens Company). The room temperature and relative humidity were 22 °C and 30%, respectively.

Imaging and microscopy

Thermal imaging was conducted by means of an infrared (IR) camera (FLIR, X6580 sc) mounted on a lens (FLIR, MW G1WD30) to read the temperature at the air-liquid interface of the drying droplets, as water is mostly opaque to IR. A high-speed camera (Keyence, VW600C) equipped with a lens (Keyence, VW Z2) and an LED backlight (CCS Inc.) were employed to record side view images of evaporating droplets at 30 frames/s. The drop shape analysis software (KRÜSS GmbH, DSA4)

was used to monitor the evolution of drop shape parameters such as the base diameter and contact angle. The top-view images of evaporating droplets were recorded by means of the high-speed camera mounted on an optical microscopic lens (Keyence, VH-Z100R, magnification zoom from 100× to 1000×). The particles' movement was tracked using video editing/analysis software (Keyence, VW-9000 Motion Analyzer). The images of the final deposition patterns were taken by using an optical microscopic lens (Keyence, VH-Z20R, magnification zoom from 20× to 200×). To investigate the deposition distribution along the droplet base diameter, the dried deposits were scanned by means of a white light interferometer (Zygo, NewView 7300). The further information about characterisation and quantification of substrate roughness can be found in the study of Parsa et al. [START_REF] Parsa | Effect of substrate temperature on pattern formation of nanoparticles from volatile drops[END_REF].

Supporting Information

Supporting Information associated with this chapter is available in the online version. 3 

Results and Discussion

Deposition pattern after dry-out of drops

Deposition formation during the drying process

Using optical microscopy, the evaporation process of bidispersed drops at all substrate temperatures was observed (see the Supporting Information). The readers are strongly encouraged to view the high-magnification videos provided in the Supporting Information, as the motion of particles cannot be unambiguously ascertained from still images. Top-view snapshots from all real-time videos of the drying bidispersed drops are provided in Figures 5.2 5.2a-h). In addition, there is a dramatic increase in the velocity of particles approaching the edge in the late stages of the drop's lifetime [START_REF] Marín | Order-to-disorder transition in ring-shaped colloidal stains[END_REF][START_REF] Marín | Rush-hour in evaporating coffee drops[END_REF],

causing the sudden increase in the number of small particles at the innermost ring. In other words, there is not enough space for these small particles to pass through the inner ring and reach the middle one, leading to the aggregation of small particles at the innermost ring, and hence the innermost ring is formed by the mixture of both small (1 μm) and large (3.2 μm) particles after the dry-out of the drop (see the innermost ring in insets in Figure 5.2i). Insets in Figure 5.2b,e,h show that the distance between the innermost ring and the contact line increases with the evaporation time. In other words, the innermost ring moves inward towards the drop centre, repelling the coffee-ring effect. The reversal motion of the innermost ring can be attributed to the inward force driven by the capillary force [START_REF] Kralchevsky | Capillary forces and structuring in layers of colloid particles[END_REF][START_REF] Di Leonardo | Very-long-range nature of capillary interactions in liquid films[END_REF], which is found to be a kind of lateral immersion capillary force [START_REF] Kralchevsky | Capillary forces and structuring in layers of colloid particles[END_REF]. The latter acts when there is a contact between the particles and the air-liquid interface during the drying process [START_REF] Kralchevsky | Capillary forces and structuring in layers of colloid particles[END_REF][START_REF] Di Leonardo | Very-long-range nature of capillary interactions in liquid films[END_REF]. The inward migration of particles takes place whenever the outward coffee-ring flow is overcome by the net capillary force between particles and the air-liquid interface, which is consistent with literature [START_REF] Weon | Capillary force repels coffee-ring effect[END_REF]. This reverse effect is a unique transport mechanism that is related to the geometric constraints of particles and drop (i.e., drop size, contact angle) [START_REF] Weon | Capillary force repels coffee-ring effect[END_REF], instead of other mechanisms, such as the Marangoni [START_REF] Hu | Marangoni effect reverses coffee-ring depositions[END_REF][START_REF] Xu | Marangoni flow in an evaporating water droplet[END_REF], gravity, standard effects [START_REF] Deegan | Capillary flow as the cause of ring stains from dried liquid drops[END_REF][START_REF] Deegan | Contact line deposits in an evaporating drop[END_REF], etc. The width of the depleted zone is known to be a function of the geometric parameters (i.e., contact angle (𝜃), particle size (𝑑 𝑝 )), and is relatively equal to 𝑑 𝑝 / tan 𝜃 (see Figure 5.17) [START_REF] Monteux | Packing and sorting colloids at the contact line of a drying drop[END_REF]. As the width of the depleted zone is the distance between the initial contact line (or the outermost ring) and the ring of 1 μm particles (or middle ring), 𝑑 𝑝 should be equal to 1 μm and is constant for all studied cases. Thus, the width of the zone becomes larger with decreasing the contact angle (Figure 5.17). In other words, the larger the contact angle, the smaller becomes the zone. It is obvious that the initial contact angle of the drop at the initial contact line is larger than the contact angle (just after the first jump) at the second deposition line (see Figure 5.17aI,bI). Hence, the width of the zone at the initial contact line (inset I in Figure 5.16a and insets I,II in Figure 5.16b) is smaller than that at the second deposition line (inset II in Figure 5.16a and inset III in Figure 5.16b). Similarly, at 81 °C, the width at the initial deposition line is smaller compared to that at the inner ring-like structure (see Figure 5.17aII,bII). This is because the initial contact angle of the drop is larger than that of the drop at the deposition time of the ring-like cluster (see Figure 5.17aI,bI). As previously mentioned, several deposition lines are formed on the solid surface due to the stick-slip behaviour. For the rose-like pattern, the structure of the However, the typical stick-slip deposit (Figure 5.16b) exhibits a different pattern (for the internal deposition lines) where there is a faint single ring connecting some triangular structures (see insets IV,V in Figure 5.16b). This can be attributed (perhaps) to the weak pinning of the contact line during the evaporation [START_REF] Askounis | Effect of particle geometry on triple line motion of nano-fluid drops and deposit nanostructuring[END_REF]. Thus, the retracting contact line carries the particles towards the pinned side of the drying drop and builds these triangular structures. In studies related to the evaporation of monodispersed drops on heated substrates, the thermal Marangoni effect is the main mechanism behind the pattern formation of particles [START_REF] Parsa | Effect of substrate temperature on pattern formation of nanoparticles from volatile drops[END_REF]. For monodispersed drops on heated substrates, the dual-ring pattern was observed for temperatures between 47 and 81 °C, but this pattern is not observed for bidispersed drops at temperature of 51 °C. Instead, a non-uniform deposition of particles enclosed by a thick ring is observed. This can be attributed to the different particle sorting near the contact line which (perhaps) affects the depinning time and thus the final deposition pattern. In the case of bidispersed drops at highest temperature of 99 °C, two different patterns from the stick-slip behaviour are observed, whereas only one particular pattern (similar to sample VI in Figure 5.1b) was reported after the stick-slip behaviour for monodispersed drops [START_REF] Parsa | Effect of substrate temperature on pattern formation of nanoparticles from volatile drops[END_REF]. Overall, the final deposition pattern of bidispersed drops on heated substrates is significantly dependent on the thermal Marangoni effect rather than the particle size effect.

However, the size effect plays an important role in the deposition pattern of the regions near the contact line, and it is quite different from the monodispersed cases.

Particle velocity

The particle velocity is measured at the distance of 50 μm from the contact line and presented as a function of normalised time in where 𝑅 is the drop radius; 𝑟, the distance from the drop centre; 𝑡, the evaporation time; and 𝑡 𝑒 , the total evaporation time. For the plots in Figure 5.18, the value of 𝑟 is equal to the difference between the drop radius and the distance of measurements from the contact line (𝑟 = 𝑅 -50 μm). As it can be seen in Figure 5.18, both the experimental and theoretical velocities gradually increase with time but they increase abruptly at the last stages of the evaporation. This sudden change in the velocity is known as the "rush-hour" behaviour [START_REF] Marín | Order-to-disorder transition in ring-shaped colloidal stains[END_REF][START_REF] Marín | Rush-hour in evaporating coffee drops[END_REF]. The observation of the rush-hour behaviour has been reported previously for drying drops on non-heated substrates [START_REF] Marín | Order-to-disorder transition in ring-shaped colloidal stains[END_REF][START_REF] Marín | Rush-hour in evaporating coffee drops[END_REF]. Here, the similar behaviour is observed for evaporating bidispersed drops on both non-heated and heated substrates. The outward flow towards the contact line is generated to replenish the evaporated liquid, whereas the drop height is vanishing with the evaporation time. Thus, the liquid is squeezed through the vanishing area, leading to a diverging radial velocity. The critical time at which the radial velocity diverges is indicated by the dashed line, which is estimated between the normalised time of 0.7 and 0.8 for all temperatures between 22 and 81 °C (Figure 5.18). Despite the trend of the theoretical velocity matching well with the experimental one, there is a difference between the measured and calculated values. This discrepancy can be attributed to the distance between the objective lens and substrate for experimental measurements, which is not considered in the model. In addition, the increase of temperature changes the properties of the liquid and vapour (i.e., liquid density, vapour concentration, and vapour diffusivity) and it is also not included in the model.

Marín et al. [START_REF] Marín | Order-to-disorder transition in ring-shaped colloidal stains[END_REF] introduced a more developed model to calculate the theoretical height-averaged velocity that includes all abovementioned and other extra parameters (i.e., contact angle, height). However, it cannot be used in this study as the simultaneous side view and top-view visualisations of drops were not possible. 

Location of stagnation point

To determine the location of the stagnation point in evaporating bidispersed drops onto heated substrates, the 1 μm particles are tracked and the turning points of these particles returning back to the top surface of the drops are shown by the crosses in it is observed that those other particles that reach the region between the innermost ring and the ring of 1 μm particles do not turn back and finally deposit at the ring of 1 μm (middle ring). These observations reveal that the distance between the stagnation point and the contact line (the so-called stagnation distance) is smaller than that between the innermost ring and contact line; thus, the stagnation point should be located somewhere between the innermost and the middle rings (for evaporating drops at 51 and 64 °C). At substrate temperature of 81 °C, the nearest turning point to the contact line is observed between the innermost and middle rings (see inset in 

Conclusions

In summary, the results of the deposition patterns from evaporating bidispersed drops onto both non-heated and heated silicon substrates were reported. On non-heated substrate, a nearly uniform deposition pattern enclosed by the disk-like ring was observed. On heated substrates, the inward thermal Marangoni flow formed a ringlike cluster of particles on the top surface of the drops, which had a significant role in the final deposition patterns. The internal flow was divided into two regions of the outward coffee-ring flow and the Marangoni flow by a stagnation point where the flow changed its direction. At the substrate temperature of 51 °C, the ring-like cluster reached the initial edge just before the depinning of the contact line, and thus a relatively non-uniform deposition pattern enclosed by the thick ring was formed.

From temperatures from 64 to 81 °C, the depinning of the initial contact line occurred before the arrival of the ring-like cluster towards the edge, forming a ringlike structure on the surface. Hence, a dual-ring pattern was left after the full evaporation: one is the ring-like structure at the periphery; the other is the inner ringlike structure left by the cluster. However, at 99 °C, the stick-slip behaviour of the contact line led to the formation of a stick-slip pattern. Magnification at the drops edge showed three rings in the regions near the contact line after the complete evaporation: one was the outermost ring formed by the non-volatile additives smaller than 1 μm, the second was the middle ring formed by the 1 μm particles, and the other is the innermost ring formed by the mixture of 1 and 3.2 μm particles.

However, in some cases, the outermost ring was found to be nearly overlapping the middle ring. The width of the zone between the outermost ring and the middle ring was shown to be different at the initial edge and the edge of the inner ring-like structure (for temperatures from 64 to 99 °C). The width of the zone at the initial edge was found to be smaller than that at the edge of the inner ring-like structure.

This was explained by the difference between the values of the contact angles at the initial time and the deposition time of the inner ring-like structure. Furthermore, velocity of small particles was measured and compared with a theoretical model. The theoretical trend fitted well with the experimental one, but there was a discrepancy between the theoretical and experimental values. Particle velocity slightly increased with time but it rapidly increased at the last stages of the evaporation, known as the rush-hour behaviour. At all examined temperatures, the rush-hour behaviour began between the normalised times of 0.7 and 0.8. Moreover, the 1 μm particles were tracked during the evaporation and the nearest position of the turning point of tracer particles was found. For the substrate temperatures of 51 and 64 °C, the nearest turning point was observed adjacent to the innermost ring. However, the nearest turning point at 81 °C was found to be between the innermost and middle rings. By comparing the distance between the nearest turning points and the contact line for the temperatures of 51, 64, and 81 °C, it was found that increasing the substrate temperature decreased the stagnation distance.

Chapter 6 Conclusions

General Conclusions

In revealed that the velocity gradually increased with time and abruptly increased at the last stages of the evaporation, i.e., rush-hour behaviour. The sudden increase of velocity occurred between the normalised time of 0.7 and 0.8 for temperatures ranging from 22 to 81 °C. Furthermore, the stagnation distance between the initial contact line and the nearest turning point of particles to the contact line was measured. Results revealed a decreasing function of the substrate temperature, i.e., the higher the substrate temperature, the smaller the stagnation distance.

Future Work

The observations and findings presented in this PhD research could be beneficial for a variety of biological and industrial applications and scientific communities related to the pattern formation of nano-and micro-particles from volatile droplets.

Interestingly, after the publication of Chapter 3 [START_REF] Parsa | Effect of substrate temperature on pattern formation of nanoparticles from volatile drops[END_REF], several studies examining the effect of substrate temperature on deposition patterns of non-volatile components were published [START_REF] Patil | Effects of substrate heating and wettability on evaporation dynamics and deposition patterns for a sessile water droplet containing colloidal particles[END_REF][START_REF] Zhong | Disk to dual ring deposition transformation in evaporating nanofluid droplets from substrate cooling to heating[END_REF][START_REF] Zhong | From enhancement to elimination of dual-ring pattern of nanoparticles from sessile droplets by heating the substrate[END_REF][START_REF] Li | From coffee rings to coffee eyes[END_REF].

Notably, varying the substrate temperature affects evaporation and the strength of the Marangoni flow and thus the drying patterns. In this research, an isothermally heated substrate was proposed as a key factor for the control of pattern formation during evaporation and the manipulation of the final deposition patterns. Hence, study into the effect of substrate with a gradient of temperature on drying patterns might be crucial in this research field.

Although the influence of substrate temperature on the pattern formation of particles was thoroughly investigated in this research, some questions may remain unanswered. In Chapters 3, 4, and 5, the substrate temperature is varied but the environmental pressure remains unchanged. It would be interesting to conduct experimental research in which the environmental pressure is under control in a confined environment but the environmental pressure and substrate temperature is changed independently. This approach would likely lead to a better understanding of the effect of evaporation kinetics on particle pattern formation.

Of particular significance for expanding current knowledge is examining substrates of various materials and hydrophobicities and particles varying in material, size, and shape, which may affect interparticle and interfacial interactions. However, this topic can be considered a permanent research focus since novel particles are continuously produced and taken to the research market.

In addition to the study on binary-based nanofluid droplets detailed in Chapter 4, investigating the effect of binary base fluids of two or more liquids of various volatilities and concentrations is also an interesting direction for future research.

Notably, outcomes related to nanoparticles behaviour at the interfaces can be useful for heat transfer applications in industry where particle clogging and sedimentation should be prevented.

The study on bidispersed particles in evaporating droplets requires more research. To fully understand the effect of bidispersed particles on evaporation and pattern formation on heated substrates, different particle size ratios and concentration should be investigated. Résumé: L'évaporation de gouttes de liquides contenant des particules non volatiles représente un phénomène largement présent dans la vie quotidienne, à l'image des traces laissées par le marc de café après séchage. L'étude de la morphologie des dépôts de particules présente un grand intérêt dans les domaines de la biologie et trouve de nombreuses applications dans l'industrie. De ce fait, elle a fait l'objet de nombreuses recherches durant les dernières décennies. Malgré les nombreuses récentes recherches sur les morphologies des dépôts de particules, les mécanismes les contrôlant restent encore non complétement expliqués. Certains facteurs influençant les morphologies des dépôts sont nombreux (température de substrats…) mais restent encore peu documentés dans la littérature. Cette étude expérimentale s'intéresse à l'influence de la température du substrat sur la morphologie des dépôts de nanoparticules après séchage de gouttes sessiles de liquides. L'augmentation de la température du substrat accélère le processus d'évaporation et entraine des morphologies de dépôts très différentes de celles obtenues sur des substrats à température ambiante. Dans cette étude, la microscopie combinée à la thermographie infrarouge et à l'interférométrie ont permis d'expliquer la dynamique de formation de dépôts. De plus, l'étude a permis d'analyser les effets d'autres paramètres sur la morphologie des dépôts, tel que la composition chimique du liquide composant les gouttes.

Mots clés: Goutte Sessile, Mouillage, Évaporation, Nanofluides, Effet Thermocapillaire, Effet Marangoni, Dépôt de Nanoparticules, Morphologie de Dépôt.

Abstract: Evaporation of liquid droplets containing non-volatile solutes is an omnipresent phenomenon in daily life, e.g., coffee stains on solid surfaces. The study of pattern formation of the particles left after the evaporation of a sessile droplet has attracted the attention of many researchers during the past two decades due to the wide range of biological and industrial applications. Despite the significance of controlling the deposition morphology of droplets, the underlying mechanisms involved in pattern formation are not yet fully understood. There is a varied range of factors that affect the final deposition patterns and some, e.g., substrate temperature, are poorly studied in the literature. This experimental study investigates the effect of a wide range of substrate temperatures on the deposition patterns of nanoparticles from drying sessile droplets. Increasing substrate temperature and accelerating the drying process lead to the formation of the patterns not observed on non-heated substrates. This research elucidates the formation mechanisms of these patterns by optical microscopy, infrared thermography, and white light interferometry techniques. Furthermore, the combined effects of substrate temperature and other factors such as chemical composition of base fluid and particle size on the dried patterns are studied. The underlying mechanisms involved in the formation of the patterns influenced by the combined factors are also discussed and presented.

Keywords: Sessile Droplet, Wetting, Evaporation, Nanofluids, Thermocapillary Effect, Marangoni Effect, Deposition of Nanoparticles, Pattern Formation.
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Chapter 3

 3 details the investigation into the effects of substrate temperature on the deposition pattern of nanoparticles left after evaporation of water-based nanofluid droplets. Using different techniques, the dynamics of the contact line, movement of nanoparticles, and thermal flow patterns are studied to define the underlying mechanisms of the final deposition patterns. Chapter 4 explains how the study in the previous chapter is extended to a different base fluid by adding butanol. The underlying mechanisms located using the same techniques as detailed in Chapter 3 are also discussed. Chapter 5 explains the study investigating the effect of substrate temperature on pattern formation of two differently sized micro-particles from evaporating waterbased droplets. In addition, the separation of micro-particles based on size near the droplets' edge is investigated using the techniques detailed in Chapters 3 and 4. Chapter 6 presents the conclusions of the experimental work performed in the present research. Furthermore, some perspectives are suggested for future work. This experimental study applies current state-of-the-art infrared thermography, optical microscopy, and white light interferometry techniques to the formation of deposition patterns.
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 21 Figure 2.1 Contact line as a three-dimensional space composed of solid and liquid molecules. Image taken from Ref. [49].
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 22 Figure 2.2 A droplet on a solid surface with three interfaces: liquid-vapour, solid-liquid, and solid-vapour. The shape of the droplet is determined by the apparent contact angle (θ). The contact line (here in the solid rectangle) is located at the intersection of the three phases. Inset: The precursor thin liquid film with micro-to nano-meter length is at the front of the macroscopic contact line. The thickness of the film varies from 10 to 100 nm.
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 23 Figure 2.3 The wetting states of a droplet on ideal substrates: (a) Perfect wetting occurs when a contact angle approximates zero. (b) Partial wetting with a contact angle smaller than 90°. (c)
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 24 Figure 2.4 Schematic of the four possible evaporation modes of a sessile droplet: (a) constant contact radius mode (CCR); (b) constant contact angle mode (CCA); (c) mixed mode; and (d) stick-slip mode. The graphs show the evolution of the droplet profile (volume (V), height (H), contact radius (R), and contact angle (θ)) with time. Image modified from Ref. [58].
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 25 Figure 2.5 Streamline plots of the flow field within a drying water droplet. (a) Capillary flow without Marangoni flow; Image modified from Ref. [69]. (b) With Marangoni flow. The arrows indicate the direction of the flows. Image modified from Ref. [70].
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 26 Figure 2.6 Schematic representation of the direction of the Marangoni flow inside drying water droplets: (a) drying droplet at room temperature and heating substrate; (b) drying droplet on cooling substrate. Image taken from Ref. [72].

Figure 2 . 7

 27 Figure 2.7 Stain left after the drying of a coffee drop following the CCR mode. Image modified from Ref. [16].
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 28 Figure 2.8 Evaporation of a colloidal drop under standard ambient conditions: (a) outward flow in a droplet creates a coffee-ring stain; (b) recirculating Marangoni flow creates a uniform pattern. Image taken from Ref. [77].
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 29 Figure 2.9 A schematic representation of particles' motion and pattern formation inside a drying droplet on a hydrophilic surface with CCR mode. Inset shows the magnification of the contact line. Image taken from Ref. [84].
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 2 Figure 2.10 Uniform pattern with a thick outer ring. Image taken from Ref. [81].
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 11 [START_REF] Kuncicky | Surface-guided templating of particle assemblies inside drying sessile droplets[END_REF][START_REF] Orejon | PhD thesis: A study of nanosuspension droplets free evaporation and electrowetting[END_REF]. Thokchom et al.[START_REF] Thokchom | Characterizing self-assembly and deposition behavior of nanoparticles in inkjet-printed evaporating droplets[END_REF] attributed the formation of such patterns on hydrophobic surfaces to the dominant inward Marangoni flow capable of transporting particles to the central region during the drying process. The Marangoni flow becomes weaker as the contact angle decreases with time, and a radially outward flow is generated close to the substrate at the late stages of the evaporation. However, the particle structures are already built within the droplet, and the outward flow is ineffective in transporting particles from the centre to the edge. Therefore, the dot-like pattern is formed on the substrate after the dry-out (Figure2.11).

Figure 2 .

 2 Figure 2.11 Evaporation of a droplet on a hydrophobic surface in the CCA mode leads to the dot-like pattern. Image modified from Ref. [91].

2 .

 2 12a. During the stick phase of the stick-slip mode, particles accumulate at the contact line and form a ring. Then, the contact line slips to a new position, and particles form another ring. Consequently, the cycle of the stick and slip phases leads to the formation of multiple concentric rings of particles on the substrate. The contact line usually sticks and slips on one side of the droplet while remaining pinned on another side for all evaporation time, presumably due to the irregularities on the solid surface[START_REF] Orejon | PhD thesis: A study of nanosuspension droplets free evaporation and electrowetting[END_REF]. Unexpectedly, examination of the droplet profile has shown that the sticking of the contact line is not complete during the stick phase: there is a slight drift of the contact line, known as pseudo-pinning (see variation of the droplet radius over time in Figure2.12b)[START_REF] Orejon | Stick-Slip of evaporating droplets: Substrate hydrophobicity and nanoparticle concentration[END_REF][START_REF] Moffat | Effect of TiO2 nanoparticles on contact line stick-slip behavior of volatile drops[END_REF][START_REF] Orejon | PhD thesis: A study of nanosuspension droplets free evaporation and electrowetting[END_REF][START_REF] Moffat | Nanofluid droplet evaporation kinetics and wetting dynamics on flat substrates[END_REF]. Two explanations are proposed for this pseudo-pinning: one is the small-scale pinning of the contact line by the deposited particles; and the other is the increased local viscosity at the contact line by the higher concentration of particles[START_REF] Orejon | Stick-Slip of evaporating droplets: Substrate hydrophobicity and nanoparticle concentration[END_REF][START_REF] Moffat | Effect of TiO2 nanoparticles on contact line stick-slip behavior of volatile drops[END_REF][START_REF] Moffat | Nanofluid droplet evaporation kinetics and wetting dynamics on flat substrates[END_REF]. Adachi et al.[START_REF] Adachi | Stripe patterns formed on a glass surface during droplet evaporation[END_REF] formulated a mathematical model to explain the mechanism behind the oscillatory motion of the contact line during the stick-slip mode, which leaves a striped pattern after complete drying. The contact line bears a friction force when the particles move from the centre to the edge. The competition between the friction force and surface tensions at the contact line results in the oscillatory motion of the contact line, forming the striped stain pattern. Hence, the pinning or depinning of the contact line is not important because the competition between the forces determines the behaviour of the contact line[START_REF] Zhong | Sessile nanofluid droplet drying[END_REF][START_REF] Adachi | Stripe patterns formed on a glass surface during droplet evaporation[END_REF].

Figure 2 .

 2 Figure 2.12 (a) Stick-slip pattern. Each ring of particles corresponds to the stick phase in the stick-slip mode. (b) Contact radius and contact angle versus evaporation time. Image modified from Ref. [80].
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 213 They attributed the formation of the pattern to the competition between the outward capillary flow and the inward Marangoni flow. In another study, Crivoi and Duan[START_REF] Crivoi | Evaporation-induced branched structures from sessile nanofluid droplets[END_REF] reported the formation of both symmetrical and asymmetrical fingering patterns after the full drying of CuO water-based nanofluid droplets. They explained that the formation of the asymmetrical pattern could be due to the non-uniform evaporation rate or the movement of the contact line. Unexpectedly, a pinned droplet containing high concentrations of surfactants showed an outward fingering instability along the contact line[START_REF] Dier | Thermocapillary fingering in surfactant-laden water droplets[END_REF]. The fluid was pushed outward in the fingering instability by local vortex cells arisen from both thermocapillary effects and the surfactant-induced Marangoni flow. As a result of this behaviour, the contact line was deformed and a finger protruded from the evaporating water droplet. This led to the collection of particles in the fingers of the droplet, as shown in Figure2.14.
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 2 Figure 2.13 Fingering patterns inside the peripheral ring. Image taken from Ref. [102].

Figure 2 .

 2 Figure 2.14 (a) Evaporating droplet fingering outward. (b) Particles in the fingers of the droplet. Image modified from Ref. [98].
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 2 [START_REF] Deegan | Contact line deposits in an evaporating drop[END_REF] [START_REF] Pauchard | Influence of salt content on crack patterns formed through colloidal suspension desiccation[END_REF]. At low salinities (Figure2.15a), radial cracks were regularly formed at the drop edge, while a disordered crack pattern formed at intermediate salinities (Figure2.15b,c). In contrast, at large salt contents (Figure2.15d), a unique circular crack pattern was left after evaporation. These behaviours were explained by the drop shape evolution (Figures 2.15aI-dI). For intermediate salt content, the observed disordered crack pattern was related to the formation of a solid gelled skin (Figure2.15bII), and also

Figure 2 .

 2 Figure 2.15 Influence of salt content on crack patterns from drying colloidal drops. (a) A regular radial crack pattern at low salinity. (b,c) A disordered crack pattern at intermediate salinity. (d) A circular crack pattern at high salinity. Side view of drops taken at: (aI) 15 min after deposition, (bI) 15 min after deposition, (cI) 20 min after deposition, and (dI) 15 min after deposition. Top view of drops taken at: (aII) 20 min after deposition, (bII) 20 min after deposition, (cII) 22 min after deposition, and (dII) 21 min after deposition. Image modified from Ref. [103].

Figure 2 .

 2 Figure 2.16 Lifetime of a saline droplet containing 10% salt: (a) side view and (b) top view. Scale bar, 1 mm. Image modified from Ref. [119].

  unpinned. Finally, the precipitation of surface-inactive solutes occurred close to the pinned part of the contact line, and led to the dot-like pattern formation inside the peripheral ring. In their work, Nguyen et al.[START_REF] Nguyen | Evaporation of nanoparticle droplets on smooth hydrophobic surfaces: The inner coffee ring deposits[END_REF] observed inner coffee-ring deposits (ICRDs) inside the initially pinned contact area of the dried water-based SiO2 nanofluid droplets on smooth hydrophobic substrates (Figure2.17c). In addition, they also found dendrite-shaped patterns inside ICRDs. Nguyen et al.explained the formation of the combined patterns by the late secondary pinning of the contact lines that occurred after the initial pinning. The balance of the forces on nanoparticles led to the secondary pinning. Furthermore, the authors found the size and patterns of ICRDs to be highly dependent on nanoparticle concentration, contact angle hysteresis, and nanoparticle interaction forces. Drying biofluid drops often form complex patterns that are combination of different deposition patterns. Figure2.17d shows the dried pattern of blood serum from a healthy person; the pattern is a combination of two crack and crystal patterns[START_REF] Buzoverya | Quantitative estimation of the microstructural inhomogeneity of biological fluid facies[END_REF]. As shown in Figure2.17d, the deposit is characterised by two parts: the peripheral part, which is composed of radial and orthoradial cracks (Figure2.17dI); and the central part, which is composed of different morphologies of crystal patterns, such as dendrites and inclusions (Figures2.17dII,III).

Figure 2 .

 2 Figure 2.17 Combined patterns. (a) Fingering pattern inside the coffee-ring pattern. Image modified from Ref. [120]. (b) Dot-like pattern inside the coffee-ring pattern. Image modified from Ref. [121]. (c) Dendrite-shaped pattern inside the inner coffee-ring pattern. Image modified from Ref. [122]. (d) Crystal pattern enclosed within the crack pattern: (I) radial and orthoradial cracks in the peripheral part of the deposit, (II) dendrites in the central part of the deposit, and (III) inclusions in the central part of the deposit. Image modified from Ref. [123].

Figure 2 .

 2 Figure 2.18 Influence of nanoparticle concentration on final deposition patterns. A coffee-ring pattern is formed for concentrations between 0.11 and 0.47 wt %, and a flower petal pattern is formed for concentrations between 1.15 and 5.7 wt %. Image taken from Ref. [20].

Figure 2 .

 2 Figure 2.19 Dried patterns and thickness of polymer films. (a) A dot-like pattern at a concentration of 0.5 wt %. (b) A ring-like pattern at a concentration of 3 wt %. Image modified from Ref. [124].

  .20a). However, in the absence of ellipsoidal particles, the drying of drops containing spherical particles forms the coffee-ring pattern (Figure2.20b). Dugyala and Basavaraj[START_REF] Dugyala | Control over coffee-ring formation in evaporating liquid drops containing ellipsoids[END_REF] studied the effect of both particle shape and the pH of a solution containing hematite ellipsoids. As shown in Figure2.21, there was no considerable change in the deposit patterns for different particle aspect ratios at each pH value, while the type of deposit pattern changed for different pH values at each aspect ratio. The coffee-ring pattern was formed for low and high pH values, while the uniform pattern was formed for intermediate pH values. It is noteworthy that the particles in this study were hydrophilic, while the particles used in Yunker et al.'s[START_REF] Yunker | Suppression of the coffee-ring effect by shape-dependent capillary interactions[END_REF] work were partially hydrophobic. In another study, a transition was found from radial to circular crack patterns by changing the particle shapes from spheres to ellipsoids[START_REF] Dugyala | Role of particle shape anisotropy on crack formation in drying of colloidal suspension[END_REF]. The different aspect ratios of ellipsoidal particles had no significant effect on the crack patterns, and the same circular crack patterns were produced. It was found that the crack patterns formed by anisotropic particles are significantly affected by the particle ordering, and not their aspect ratio.

Figure 2 .

 2 Figure 2.20 (a) Uniform pattern formed by ellipsoidal particles. (b) Coffee-ring pattern formed by spherical particles. α is the major-minor axis ratio. Image taken from Ref. [134].

Figure 2 .

 2 Figure 2.21 Effect of the hematite particle aspect ratio (α) and pH of a solution on final deposit patterns. Image modified from Ref. [135].

  For bidispersed colloids at a lower concentration, fingering patterns were left after complete evaporation due to the competition between the outward coffee-ring and inward Marangoni effects, particularly when the Marangoni flow was suppressed by the coffee-ring flow. The formation of multiple ring patterns for bidispersed colloids was attributed to the particle separation based on the size. For high concentrations of bidispersed colloids, a pronounced ring-like pattern was left behind. Recently, Zhong et al.[START_REF] Zhong | Deposition patterns from evaporating sessile droplets with suspended mixtures of multi-sized and multi-species hydrophilic and non-adsorbing nanoparticles[END_REF] conducted experiments to study the effect of multi-sized particles on pattern formation. As shown in Figure2.25, non-uniform deposition patterns were left either by 5 or 40 nm Al2O3 nanoparticles. For the weight ratios from 0:1 to 2:8 (Figure2.25a), droplet shrinkage occurred in the middle of the evaporation, while those droplets with a weight ratio above 2:8 were pinned until the late stages of the evaporation (Figure2.25b), preventing the large nanoparticles from making aggregates at the contact line and thus the formation of the fractal-like structures. By further increasing the 5 nm nanoparticles from the weight fraction of 30 to 50% (Figure2.25b), the attraction between the small and large nanoparticles suppressed the movement of the small ones towards the central region. Therefore, the nonuniformity of the patterns left either by pure 5 or 40 nm nanoparticles was eliminated by combining the proper concentration of the two nanoparticle sizes.

Figure 2 .

 2 Figure 2.22 A phase diagram for polymer concentration and poly(methyl methacrylate) (PMMA) colloid size. Image taken from Ref. [137].

Figure 2 .

 2 Figure 2.23 (a) Separation of particles with different sizes of 2 μm (blue), 1 μm (red), and 40 nm (green) after complete evaporation. (b) Separation of B-lymphoma cells (red), Escherichia coli (green), and antimouse IgG antibodies (blue). Image modified from Ref. [140].

Figure 2 .

 2 Figure 2.24 Schematic phase diagram of deposition patterns from monodispersed and bidispersed droplets. ϕL and ϕS are the volume fractions of large and small particles, respectively. Image taken from Ref. [102].

Figure 2 .

 2 Figure 2.25 The deposition patterns formed by drying droplets with the weight ratio of 5-40 nm Al2O3 nanoparticles: (a) 0:1, 1:19, 1:9, and 2:8. (b) 3:7, 4:6, 5:5, and 1:0. Image modified from Ref. [141].

Figure 2 .

 2 Figure 2.26 Deposition patterns after drying sessile drops containing different materials of nanoparticles: (a) 20 nm Al2O3 and (b) 21 nm TiO2 with 0.05 vol % concentration on stainless steel. Image taken from Ref. [125].

Figure 2 .

 2 Figure 2.27 Deposition patterns after drying sessile drops containing single 5 nm graphite nanoparticles, single 5 nm Al2O3 nanoparticles, and the mixture of graphite and Al2O3 nanoparticles. Image taken from Ref. [141].

Figure 2 .

 2 Figure 2.28 Influence of various ranges of relative humidity on the pattern formation of a sessile blood drop. Area between the two yellow bars indicates the peripheral area. Image taken from Ref. [32].

  Askounis et al.[START_REF] Askounis | The effect of evaporation kinetics on nanoparticle structuring within contact line deposits of volatile drops[END_REF] examined the influence of reduced atmospheric pressure, varying from 750 to 100 mbar, on the final deposition patterns left after the full evaporation of water drops containing SiO2 nanoparticles (see Figure2.29). Reducing the atmospheric pressure enhanced the evaporation rate due to the increase in the effective diffusion coefficient of water vapour in the environment. The evaporating drop followed the stick-slip mode under 750 mbar pressure, hence the stick-slip pattern was formed (Figure2.29a). In contrast, the ring-like pattern was formed under 500 mbar pressure (Figure2.29b), and a wider and thicker ring was obtained with a further reduction of pressure to 250 mbar (Figure2.29c). The outward flow contributed to the accumulation of nanoparticles at the contact line and thus enhanced the pinning effect, both of which led to the formation of the ring-like patterns, but the thicker ring resulted from the stronger outward flow caused by the further reduction of the pressure. At 500 mbar pressure, the authors also observed the assembly of hexagonal, closed-packed nanoparticle structures. A different ring-like pattern with an inner irregular shape was formed under 100 mbar pressure (Figure2.29d). The high deposit was brought near the edge by the very strong outward flow induced by the extremely high evaporation rate. Moreover, the fast evaporation did not give sufficient time to the fluid to flow towards the edge; thus, it became frozen in place, forming different inner deposits than those drops under 250 and 500 mbar.

Figure 2 .

 2 Figure 2.29 Influence of reduced environmental pressure on the pattern formation of a sessile SiO2 nanofluid drop: (a) 750 mbar, (b) 500 mbar, (c) 250 mbar, and (d) 100 mbar. Image modified from Ref. [25].

Figure 2 .

 2 Figure 2.30 Deposition patterns of polymer particles on substrates with different values of contact angle hysteresis (CAH): (a) strong CAH and (b) weak CAH. Image modified from Ref. [121].

Figure 2 .

 2 Figure 2.31 Dried deposits of saline droplets containing 10% salt on: (a) silicon wafer, (b) PMMA, and (c) soda lemon glass. Scale bar, 1 mm. Image modified from Ref. [119].

2 .

 2 32b). At lower temperatures, the capillary flow was dominant and led to the formation of the peripheral ring. The further rise in temperature increased the surface stress gradient and decreased the viscous stress, resulting in the contact line recession. Eventually, the Marangoni flow became dominant at the late stages of the evaporation process, forming the dual-ring structure.

Figure 2 .

 2 Figure 2.32 The surface profile of poly(ethylene oxide) film: (a) isothermal evaporation process; (b) non-isothermal evaporation process. Image modified from Ref. [146].

Figure 2 .

 2 Figure 2.33 A coffee-ring pattern was formed without biosurfactants due to the coffee-ring effect. (b) A uniform pattern was formed with biosurfactants due to the strong Marangoni flow. Image taken from Ref. [68].

Figure 2 . 2 . 4 . 3 . 2

 22432 Figure 2.34 Deposition patterns left after full evaporation of graphite nanofluid drops. (a) At a concentration of 2 g/L without the CTAB surfactant. (b) At a concentration of 5 g/L without the CTAB surfactant. (c) At a concentration of 2 g/L with the CTAB surfactant. (d) At a concentration of 5 g/L with the CTAB surfactant. Image taken from Ref. [147].

Figure 2 .

 2 Figure 2.35 Deposition patterns from ethylene glycol-water binary-based droplets containing 1 vol % 220 nm spheres (scale bar 20 μm). Image taken from Ref. [149].

Figure 2 .

 2 Figure 2.36 Influence of the ethanol concentration on the pattern formation of 1.5 g/L graphitewater nanofluid droplets: (a) 0 vol %, (b) 10 vol %, (c) 25 vol %, (d) 40 vol %, and (e) 50 vol %. Image modified from Ref. [22].
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 6 Hz and 1 kHz. The authors eliminated this problem by applying the amplitude modulation of the high frequency (100 kHz) with the low one (100 Hz), resulting in the formation of a very small dot-like pattern (Figure 2.37e). The electrokinetic mechanisms for a droplet under AC conditions can differ from those applied under direct current (DC) conditions [151]. Orejon et al. [151] studied the evaporation of TiO2 nanofluid droplets under a DC potential. The stick-slip behaviour of droplets was suppressed, and instead the contact line receded monotonically for most of the evaporation time. Nanoparticles preferentially moved towards the substrate by electrophoretic forces instead of arriving at the contact line, and more uniform patterns were thereby formed.

Figure 2 .

 2 Figure 2.37 Influence of AC electrowetting (EW) on the pattern formation of colloidal droplets of different particle sizes and DNA solutions. Image modified from Ref. [150].

Chapter 3

 3 literature review clearly shows researchers' interest in studying the driving factors that lead to a variety of deposition patterns. Nevertheless, because the evaporation of a droplet without particles remains a complex phenomenon, the full understanding of pattern formation from droplets of complex fluids is still lacking, and more research is needed to explain the mechanisms behind the final patterns.According to subsection 2.4.2.4, the effect of substrate temperature on deposition patterns is still poorly understood. Therefore, the present study examined the influence of a wide range of substrate temperatures on deposition patterns, and the obtained results are presented in Chapter 3. Furthermore, from subsection 2.4.3.2, it is understood that few studies are related to the influence of binary-or multicomponent base fluids on deposition patterns of droplets. Among these few studies, ethanol aqueous solutions are the most investigated binary base fluids.Similar to pure water, the surface tension of ethanol aqueous solutions decreases with increasing temperature. However, no studies have examined the effect of binary base fluids with a different surface tension behaviour from ordinary fluids like water. The surface tension of dilute aqueous solutions of some alcohols (i.e., butanol, pentanol) increases with enhancing temperature above a certain value. Chapter 4 investigates the deposition patterns from dried water-butanol binary-based droplets and compares these patterns with those from dried pure water-based droplets. Furthermore, the chapter also examines the effect of substrate temperature on the pattern formation of nanoparticles, as no study has considered the influence of substrate temperature on binary solvent mixture droplets. The majority of the works presented in this literature review have only investigated the effect of one factor on pattern formation. As shown in the review, the effects of the simultaneous combination of two or more factors on pattern formation are rarely studied. Whereas Chapter 4 investigates the combined effects of substrate temperature and fluid composition, Chapter 5 examines the combined effects of substrate temperature and size of particles. Patterns from Water-Based Nanofluid Drops on Heated Substrates This chapter is based on an article published in Langmuir in 2015 [26]. The present author contributed to the design of the experiments, performed the experiments, and contributed to the data analysis and the writing of the manuscript. Dr. R. Deltombe scanned the deposits of nanoparticles using a white light interferometry technique. Prof. M. Bigerelle analysed the scans of the deposition patterns which are provided in Figures 3.1, 3.2, 3.3c. Prof. S. Harmand and Prof. K. Sefiane supported the author in writing the manuscript and granted approval for the final version. Effect of Substrate Temperature on Pattern Formation of Nanoparticles from Volatile Drops by Maryam Parsa, Souad Harmand, Khellil Sefiane, Maxence Bigerelle and Raphaël Deltombe Langmuir, 2015, 31 (11), pp 3354-3367 doi: 10.1021/acs.langmuir.5b00362

  on the formation of nanoparticle deposits caused by the dry-out of droplets on substrates heated at different temperatures are still scarce. In this study, the formation mechanism of deposited CuO nanoparticles during evaporation of sessile droplets onto heated smooth silicon wafers at various temperatures is investigated. Reflection optical microscopy is employed to study the flow within evaporating nanofluid water-based droplets and demonstrate how different substrate temperatures affect the deposits features of nanoparticles. To the best of our knowledge, for the first time, the effects of a wide range of substrate temperatures (from 25 to 99 °C) on the deposition features left behind after the evaporation as well as the internal flow structure during the whole evaporation time are studied. The experiments contribute to the comprehensive understanding of the influence of temperature and internal flows on the resulting deposition patterns.
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 31341 Figure 3.1. Surface topography of the wafer. (b) Topography of the nanoparticle deposits.
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 3233 Figure 3.2. Interferometry image of the deposits at various temperatures.

Figure 3 . 3 .

 33 Figure 3.3. (a) Evolution of base and contact angle for evaporating 0.05 wt % CuO-water nanofluid droplets on a non-heated substrate at 25 °C and heated substrates at different temperatures of 47, 64, 81, and 99 °C. (b) Dried deposits of 0.05 wt % CuO-water nanofluid droplets on a non-heated substrate at 25 °C and heated substrates at different temperatures of 47, 64, 81, and 99 °C. The scale bar is 200 µm. (c) Density distribution profiles of dried CuOwater droplets at different temperatures of 25, 47 °C, 64, 81, and 99 °C. The dimensionless distance in (c) for samples I-V indicates the droplets diameter (from edge to edge). For sample V, the distance is from the left to the right side of the square shown in the deposit. Note that the line profiles are relative measurements of the density distribution of the nanoparticles. The oval arrows in (c) indicate the distance between the peripheral and secondary rings at 47, 64, and 81 °C. (d) Effect of substrate temperature on evaporation rate.
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 33 the evaporation process of droplets at all studied temperatures was observed via optical microscopy (see Supporting Information). The microscope was focused on the initial contact line. The sequential images of all videos are shown in Figures 3.4-3.9, and 3.12, and 3.13. The first sequence shows the temporal evolution of the drying droplet on the non-heated substrate (25 °C). The 500× magnification consecutive still images from this sequence are provided in Figure 3.4. It can be clearly seen that the contact line is pinned during all the evaporation time due to the outward capillary flow, which makes the nanoparticles drift towards the contact line. The number of nanoparticles

  47 and 64 °C, respectively are analysed to further examine deposition mechanisms. The consecutive images of the aforementioned sequences are given in Figures 3.5 and 3.6 for temperatures of 47 and 64 °C, respectively. Although nanoparticles motion at 47 °C and 64 °C is similar to what was observed inside the evaporating droplet on the non-heated substrate, the ring-like cluster of the nanoparticles at 47 and 64 °C deposits as a distinct secondary ring (Figures 3.5l and 3.6l) unlike the non-heated case (25 °C), in which the cluster deposition does not show a ring-like pattern (Figure 3.4l). When most of water evaporates, and the contact line depins (Figures 3.5j and 3.6j), the nanoparticles at the edge deposit on the substrate, and then the ring-like cluster travels towards the depinned contact line until they reach the edge (Figures 3.5k and 3.6k) and deposit onto the substrate (Figures 3.5l and 3.6l).Figure3.7 shows top views of the evaporating droplet at 64 °C at a magnification of 100×.The eddy identified previously is believed to be driven by surface tension gradients, Marangoni convection, as reported by previous studies[START_REF] Hu | Analysis of the microfluid flow in an evaporating sessile droplet[END_REF][START_REF] Hu | Peculiar surface profile of poly(ethylene oxide) film with ring-like nucleation distribution induced by Marangoni flow effect[END_REF][START_REF] Xu | Marangoni flow in an evaporating water droplet[END_REF]. The Marangoni eddy and deposition of the secondary ring is clearly shown in Figures 3.7d-j and 3.7k,l, respectively.

Figure 3 . 4 .

 34 Figure 3.4. Snapshots from a video microscopy of the evaporation process of a water droplet containing 0.05 wt % CuO nanoparticles deposited onto a non-heated silicon substrate (at 25 °C). The Marangoni eddy is indicated in between the bars. The optical micrographs are recorded at a temporal resolution of 60 fps and at 500× magnification. The scale bar is 100 µm.

Figure 3 . 5 .

 35 Figure 3.5. Snapshots from a video microscopy of the evaporation process of a water droplet containing 0.05 wt % CuO nanoparticles deposited onto a heated silicon substrate at 47 °C. The Marangoni eddy is indicated in between the bars. The optical micrographs are recorded at a temporal resolution of 60 fps and at 500× magnification. The scale bar is 100 µm.

Figure 3 . 6 . 68 Figure 3 . 7 .

 366837 Figure 3.6. Snapshots from a video microscopy of the evaporation process of a water droplet containing 0.05 wt % CuO nanoparticles deposited onto a heated silicon substrate at 64 °C. The Marangoni eddy is indicated in between the bars. The optical micrographs are recorded at the temporal resolution of 60 fps and at 500× magnification. The scale bar is 100 µm.
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 38 Figure 3.8. Snapshots from a video microscopy of the evaporation process of a water droplet containing 0.05 wt % CuO nanoparticles deposited onto a heated silicon substrate at 81 °C. The optical micrographs are recorded at a temporal resolution of 60 fps and at 500× magnification. The scale bar is 100 µm.
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 3933 Figure 3.9. Snapshots from a video microscopy of the evaporation process of a water droplet containing 0.05 wt % CuO nanoparticles deposited onto a heated silicon substrate at 81 °C. The optical micrographs are recorded at a temporal resolution of 60 fps and at 100× magnification. The scale bar is 100 µm.

Figure 3 . 10 .

 310 Figure 3.10. Formation mechanism schematic of the secondary ring deposited after dried droplet of CuO-water 0.05 wt % onto a hot substrate (47, 64, and 81 °C): (a) The edge is pinned; the nanoparticles move outward to the edge (shown by the dotted arrow), some arrive at the contact line, and some move back radially in to the top of the drying droplet (indicated by the dashed arrow). (b) As time proceeds, the concentration of the nanoparticle increases at the pinned edge and on the top region of the droplet. A ring-like cluster is also built by the repelled nanoparticles near the air-liquid interface. (c) The contact line depins and left behind a peripheral ring on the substrate surface. (d) The nanoparticles cluster on the top region drifts to the edge after the initial depinning; the ring-like cluster stops traveling when it reaches the edge and finally deposits on the substrate as a secondary ring. (e) Two distinct rings of deposits left behind when the evaporation has been completed.

Figure 3 . 11 .

 311 Figure 3.11. 500× deposit images of water droplets containing 0.05 wt % CuO nanoparticles just before the depinning of the initial contact line (left side, shown by I) and after the complete evaporation (right side, shown by II): (aI) before depinning at 47 °C, (aII) after evaporation at 47 °C, (bI) before depinning at 64 °C, (bII) after evaporation at 64 °C, (cI) before depinning at 81 °C, and (cII) after evaporation at 81 °C. The distance between the peripheral and secondary rings is shown in square brackets. The scale bar is 100 µm.
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 312 Figure 3.12. Snapshots from a video microscopy of the evaporation process of a water droplet containing 0.05 wt % CuO nanoparticles deposited onto a heated silicon substrate at 99 °C. The optical micrographs are recorded at a temporal resolution of 125 fps and at 100× magnification. The arrows indicate the movement direction of nanoparticles, which are shown by the circles. The scale bar is 100 µm.

Figure 3 . 13 .

 313 Figure 3.13. Snapshots from a video microscopy of the evaporation process of a water droplet containing 0.05 wt % CuO nanoparticles deposited onto a heated silicon substrate at 99 °C. The optical micrographs are recorded at a temporal resolution of 60 fps and at 500× magnification. The scale bar is 100 µm.

Figure 3 . 14 .

 314 Figure 3.14. 500× still images of a water droplet containing 0.05 wt % CuO nanoparticles deposited onto a heated silicon substrate at 99 °C: (a) The line shows a tracer nanoparticle which moves towards the edge and deposit near the edge; the start and end points of the movement are at evaporation times of 0.08 and 0.68 s, respectively. (b) The line shows the movement direction of a specific nanoparticle cluster which circulates in the region very close to the edge; the start and final evaporation time of the movement are at 0.2 and 0.52 s, respectively. The optical micrographs are recorded at a temporal resolution of 60 fps and at 500× magnification. The scale bar is 100 µm.
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 33 Figure 3.16), and some nanoparticles move to the droplet surface and trapped in the convective flow region leading to the formation of the inner ring (shown by the dashed arrows in Figure 3.16). The main reason behind the formation of the inner ring is the stagnation point. When the nanoparticles are within the stagnation point (the convective flow region), the nanoparticles stop near the droplet surface and do

, 3 .

 3 11bI, and 3.11cI) increases with the suppression of the Marangoni (Figure3.15b).In addition, after the complete evaporation, the possibility of the secondary ring deposition in the regions closer to the peripheral ring is increased with increasing the thermal Marangoni number from 2.4 × 10 5 (case of 47 °C) to 9.9 × 10 5 (case of 81 °C) (seeFigures 3.11aII, 3.11bII, and 3.11cII).The vigorous, rapid circulating flow motion (i.e., "Marangoni eddies") near the edge region (99 °C, Figure3.14b and Supporting Information Video S8) can be attributed to the large thermal Marangoni number (Figure3.15b). The evaporating droplet at 99 °C has a higher surface temperature difference between the centre and edge at the initial time of the evaporation (t = 0.45 s), which makes an extremely strong Marangoni flow, and thus a somewhat different internal flow pattern appears within the evaporating droplet. The Marangoni flow induces the velocity of nanoparticles inside the droplet. As the evaporating droplet at 99 °C has the strongest Marangoni flow amongst all of the studied cases, the velocity of nanoparticles at 99 °C is the highest compared with that at lower temperatures.
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 315 Figure 3.15. Surface temperature distribution profiles of the droplets at different evaporation time: (aI) a non-heated silicon substrate at 25 °C (θi = 40°), (aII) heated substrates at temperatures of 47 °C (θi = 39°), (aIII) 64 °C (θi = 29°), (aIV) 81 °C (θi = 30°), and (aV) 99 °C (θi = 41°). The dimensionless distance indicates the normalised diameter of the droplets (from edge to edge). θi is the initial contact angle of the droplets. (b) Effect of substrate temperature on thermal Marangoni number calculated at different times.

Figure 3 . 16 .

 316 Figure 3.16. Schematic description of the flow pattern inside an evaporating water droplet containing CuO nanoparticles placed on a heated silicon substrate; the solid and dashed arrows indicate the outward capillary and thermally driven Marangoni flows, respectively. The black bar in the picture indicates a stagnation point where the direction change of the surface flow occurs.

  different deposition patterns from evaporating water droplets containing CuO nanoparticles. The presence of temperature gradients along the air-liquid interface induces a radial Marangoni flow that prevents nanoparticles from depositing near the edge and returns particles to build a ring-like collection of the solute on the top surface of the drop. Meanwhile, part of the remaining nanoparticles moves towards the contact line and finally deposits at the edge due to the outward capillary flow which counteracts the Marangoni flow. The ring-like cluster of the solute deposits onto the substrate, eventually forming a distinct secondary ring, but this was found only at three substrate temperatures of 47, 64, and 81 °C. Therefore, it can be concluded that the Marangoni effect is a prerequisite for the ring-like cluster inside the droplet and thus the dual-ring deposition pattern on the substrate. The analysis of the deposition feature reveals that the eddy width corresponding the size of Marangoni convection roll (or distance between the perimeter and secondary ring) decreases with enhancing the increasing temperature. At very early stages of the evaporation process at 81 and 99 °C, two counter-rotating vortices appear on the top region of the drying droplets. Apart from the repelled solute, these two vortices driven by Marangoni flow have key roles in the formation of the ring-like cluster. In the case of the drying droplet on the heated substrate at 99 °C, a complex flow motion can be seen in the near edge region, where a portion of the solute circulates rapidly for a period of time; this is caused by the strong Marangoni effect. The latter substrate temperature also showed the most non-uniform deposition feature containing several deposition lines due to the stick-slip of the contact line at later evaporation stages. The deposition patterns with the secondary ring (47, 64, and 81 °C) show more uniform deposition of the nanoparticles at the centre (interior of the secondary ring) than that of the pattern left after the evaporation at 25 °C. The video microscopy analysis reveals that there exists a stagnation point on the evaporating droplets surface in the vicinity of the edge at which the change in the surface flow direction occurs.

  increases, as shown by the case of 99 °C. The present study may contribute to the further understanding and better prediction of pattern formation of nanoparticles in the presence of the Marangoni effect. first regime, multiple convection vortices can be observed at the droplet interface, corresponding to the chaotic motion of nanoparticles captured by video microscopy. This flow regime is believed to be driven by surface tension gradients arising from local concentration gradients. As evaporation time proceeds, the number of convection vortices decreases in regime I, and a few numbers of those are left in the second regime. The flow slows down and a rapid transition (the second regime) occurs; this is followed by the last regime. At the two highest temperatures of 81 and 99 °C, the end of the transition regime is associated with the existence of two distinctive counter-rotating vortices. For the third regime, the results from both infrared thermography and video microscopy show identical behaviour to those of water-based nanofluid droplets at the same substrate temperatures. This reveals that most of the more volatile component (not all) has evaporated after the first two regimes; hence, the solutal Marangoni driven by local concentration gradients is significantly weakened and has no further role in the flow structure in the last regime. Instead, the thermocapillary effect and continuity are the underlying reasons for the internal flow structure of the evaporating droplets during the last regime.

at 25 and 99

 99 °C, respectively. The nanofluid was prepared by dissolving copper(II) oxide (CuO) nanopowders (Sigma-Aldrich, molecular weight = 79.55, diameter < 50 nm) with a concentration of 0.05 wt % in the aforementioned binary mixture. Then, the suspensions of CuO nanoparticles were thoroughly mixed and kept in an ultrasonication bath for at least 1 h prior to the evaporation experiments. The term "binary-based nanofluid" in the text refers to the binary mixture containing nanoparticles.

  DSA30 was equipped with a uniform LED lighting unit and a high-resolution charge coupled device (CCD) camera. Two windows mounted on the right and left sides of the TC40 chamber allowed the CCD camera to capture the shadow images of an evaporating sessile droplet over time creating by the illumination of the LED light (see Figure 4.1). The evolution of the droplet profiles (volume, base diameter, contact angle, and height) as a function of time was determined by transferring the recorded shadow images to the drop shape analysis software (KRÜSS GmbH, DSA4). The measurement resolution of the contact angle was 0.1°. An infrared (IR) camera (FLIR, X6580sc) mounted on a lens (FLIR, G1) recorded the evaporation of the sessile droplet through the top window on the chamber to observe the liquidvapour interface during the evaporation time (see Figure 4.1). A high-speed camera (Keyence, VW600C) mounted on an optical microscopic lens (Keyence, VH-Z100R)
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Figure 4 . 1

 41 Figure 4.1 Schematic diagram of the experimental apparatus.

Figure 4 .

 4 Figure 4.2a shows that the evaporation occurs mainly in the constant contact base mode, and the contact line remains pinned for the majority of the evaporation time.

Figure 4 .

 4 2b shows deposition patterns left behind after evaporation of butanol-water (5:95 wt %) mixture nanofluid droplets at a wide range of substrate temperatures from ambient to 99 °C. The corresponding graphs in Figure 4.2c show density profiles of those samples shown in Figure 4.2b. The density profiles, or concentration of particles on substrates, are obtained from interferometry after further analysis on deposition features. Sample I in Figure 4.2b indicates that in the case of non-heating, a nearly uniform coverage can be formed with higher concentration of nanoparticles at the triple line (see also Figure 4.2cI).

Figure 4 .

 4 2cII-V shows that heating the silicon substrate increases the possibility of non-uniformity of nanoparticle distribution on the surface. Apart from the outer ring (peripheral ring), a small inner ring (secondary ring) can be seen in the central region of the dried droplet at 47 °C (see Figure 4.2bII). Similarly, the secondary rings can be found interior of the peripheral ring at 64 (Figure 4.2bIII) and 81 °C (Figure 4.2bIV). Such patterns (or the dual-ring phenomenon) have been previously observed in Parsa et al. [26] for pure water droplets. However, a closer examination of inner areas of secondary rings in the present study reveals several faint ring-like (or line) patterns interior of the secondary rings (see samples II-IV in Figure 4.2b). Moreover, the secondary rings in the study by Parsa et al. [26] are found to be more distinguishable as there was only one distinct inner ring without the aforementioned faint lines inside the secondary ring. It implies that the addition of butanol to the base fluid alters the distribution of nanoparticles within the secondary rings. The size of the secondary ring at a higher temperature of 81 °C is larger than those at lower temperatures of 47 and 64 °C (Figure 4.2cII-IV), which has been previously shown by Parsa et al. [26]. In other words, the decrease in the substrate surface temperature leads to smaller secondary rings or a larger distance between the peripheral and secondary rings (Figure 4.2cII-IV). At the highest substrate temperature of 99 °C (Figure 4.2bV), the nanoparticle deposition pattern changes dramatically as there are a set of distinct deposition rings inside the perimeter, which cover about 60% of the total dried area (see Figure 4.2cV). These distinct deposition lines on one side of the dried droplet cause nonuniform distribution of nanoparticles as shown in Figure 4.2cV. The same behaviour
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 42442 Figure 4.2 (a) Temporal variation of base diameter and contact angle for drying 0.05 wt % binary-based CuO nanofluid droplets on non-heated and heated substrates at 47, 64, 81, and 99 °C. (b) Dried deposits of 0.05 wt % binary-based CuO nanofluid droplets on non-heated and

Figure 4 . 3

 43 Figure 4.3 Sequential images from a video microscopy of the drying droplet on a non-heated silicon substrate (at 25 °C). The optical micrographs are recorded at a temporal resolution of 60 fps and at 500× magnification (scale bar: 100 µm).

and 4. 5 ,

 5 respectively. The nanoparticles' motion within the drying droplet at 47 and 64 °C is found to be similar to that of the non-heated substrate. First, the vigorous chaotic flow is observed (Figures 4.4a-f and 4.5a-c), and then, the outward capillary flow drives nanoparticles to move towards the triple line and stop at the edge (shown by the dashed arrows in Figure 4.6). Meanwhile, a considerable number of nanoparticles traveling towards the edge return back from the areas close to the edge towards the drop surface (shown by the solid arrows in Figure 4.6; Supporting Information Videos S2 and S3). Unlike the non-heated case, after the end of the chaotic flow, more nanoparticles move inward along the liquid-vapour interface which shows the outward capillary flow is not dominant for the substrate temperatures of 47 and 64 °C. When the substrate temperature increases, the temperature difference between the apex and the edge increases. The thermal Marangoni flow which is dependent on this temperature difference becomes stronger, and thus, more nanoparticles move back radially to the top surface of the drying droplet. The nature and origin of the chaotic and Marangoni flows will be later discussed in detail in the next section.

Figure 4 . 4 101 Figure 4 . 5

 4410145 Figure 4.4 Sequential images from a video microscopy of the drying droplet on a heated silicon substrate at 47 °C. The optical micrographs are recorded at a temporal resolution of 60 fps and at 500× magnification (scale bar: 100 µm).

Figure 4 . 6

 46 Figure 4.6 Schematic description of the flow pattern (after the end of the chaotic flow) within drying binary mixture-based nanofluid droplets deposited on a heated substrate; the solid and dashed arrows indicate the Marangoni and outward capillary flows, respectively.

Figure 4 .

 4 Figure 4.7 shows the consecutive still images of the drying droplet on the substrate heated at 64 °C and at 100× magnification. The chaotic flow carries a group of nanoparticle clusters to the liquid-vapour interface; thus, those nanoparticles participating in the chaotic flow at the liquid-vapour interface remain there after the chaotic motion stops (see Figure4.7a-d)[START_REF] Zhong | Sessile nanofluid droplet drying[END_REF][START_REF] Zhong | Flow regime and deposition pattern of evaporating binary mixture droplet suspended with particles[END_REF]. The rapid growing of the aggregates of nanoparticles is observed due to the strong vortices and chaotic motions. These aggregates stay close to the perimeter of the drop during the chaotic flow (Figure4.7a,b); then, they are transported from the drop edge towards the apex of the droplet (Figure4.7c), covering the central liquid-vapour interface at the end of the chaotic flow (Figure4.7d)[START_REF] Zhong | Evaporation of sessile droplets affected by graphite nanoparticles and binary base fluids[END_REF][START_REF] Zhong | Flow regime and deposition pattern of evaporating binary mixture droplet suspended with particles[END_REF]. As shown in Figure4.7d-h, the presence of some of those nanoparticle clusters at the drop free surface forms a ring-like cluster of nanoparticles. Meanwhile, the other group of those nanoparticles is located in the inner region of the ring-like cluster (Figure4.7d-h). The repelled nanoparticles from the edge also contribute to the formation of the ring-like nanoparticle cluster on the top of the evaporating droplet (shown in between the arrows in Figure4.7e,f). The ring-like cluster can be more clearly observed, revealing that it descends onto the substrate due to the decrease in the droplet height (Figure4.7e-h). An eddy region is also observed between the pinned triple line and this ring-like cluster, as shown by the double arrows in Figure4.5d-h. The eddy width increases as the ring-like cluster drifts towards the central region of the evaporating droplet. At the final stage of the evaporation (Figure4.7g,h), the triple line depins and the aforementioned nanoparticle cluster arrives at the depinned triple line, leading to the deposition of the ring-like cluster on the substrate as a secondary ring (see Figure4.7i). The same deposition process at 47 °C is found for temperature of 64 °C.

Figure 4 . 7

 47 Figure 4.7 Sequential images from a video microscopy of the drying droplet on a heated silicon substrate at 64 °C. The arrows show the right and left sides of the ring-like cluster. The optical micrographs are recorded at a temporal resolution of 60 fps and at 100× magnification (scale bar: 100 µm).

Figure 4 .

 4 Figure 4.8d,e. According to some studies[START_REF] Parsa | Effect of substrate temperature on pattern formation of nanoparticles from volatile drops[END_REF][START_REF] Hu | Analysis of the microfluid flow in an evaporating sessile droplet[END_REF][START_REF] Hu | Peculiar surface profile of poly(ethylene oxide) film with ring-like nucleation distribution induced by Marangoni flow effect[END_REF][START_REF] Xu | Marangoni flow in an evaporating water droplet[END_REF], this eddy is driven by surface tension gradients, Marangoni convection.

Figure 4 . 8

 48 Figure 4.8 Sequential images from a video microscopy of the drying droplet on a heated silicon substrate at 81 °C. The area in between the two dotted curves shows the ring-like cluster. The arrows denote the eddy region between the triple line and ring-like cluster. The optical micrographs are recorded at a temporal resolution of 60 fps and at 500× magnification (scale bar: 100 µm).

Figure 4 . 9

 49 Figure 4.9 Sequential images from a video microscopy of the drying droplet on a heated silicon substrate at 81 °C. The arrows show the right and left sides of the ring-like cluster. The optical micrographs are recorded at a temporal resolution of 60 fps and at 100× magnification (scale bar: 100 µm).

Figure 4 .

 4 Figure 4.10 Formation mechanism schematic of the dual-ring pattern deposited after the dryout of a droplet on a heated substrate (47, 64, and 81 °C): (a) Nanoparticles move randomly within a drying pinned droplet due to the strong chaotic flow (indicated by the solid arrows). During this time, some nanoparticles also deposit at the edge. (b) The strength of the chaotic

Figure 4 .

 4 Figure 4.11 100× deposit images of binary droplets containing CuO nanoparticles after the complete dry-out: (a) at 47 °C, (b) at 64 °C, and (c) at 81 °C. The secondary ring size is shown in square brackets (scale bar: 100 µm).

Figure 4 . 111 Figure 4 .

 41114 Figure 4.12 Sequential images from a video microscopy of the drying droplet on a heated silicon substrate at 99 °C. The optical micrographs are recorded at a temporal resolution of 125 fps and at 100× magnification (scale bar: 100 µm).

Figure 4 .

 4 Figure 4.14 Sequential images from a video microscopy of the drying droplet on a heated silicon substrate at 99 °C. The optical micrographs are recorded at a temporal resolution of 125 fps and at 500× magnification (scale bar: 100 µm).

Figure 4 .

 4 18aI-III (for 47, 64, and 81 °C). Estimation of the Marangoni numbers is explained in detail in Appendix A.1.1 and Appendix A.1.2. During regime I, the solutal Marangoni decreases with the evaporation time due to the decrease of the alcohol concentration, but instead the thermal Marangoni increases. Meanwhile, the order of the magnitude of the solutal Marangoni is larger than that of the thermal one, showing that the solutal Marangoni is dominant during regime I (Figure 4.18aI-III). In other words, the occurrence of multiple convection vortices in regime I leading to the chaotic motion of nanoparticles is mainly due to the strong Marangoni flow driven by the local concentration gradient. For the selfrewetting fluids, as far as dilute composition regions are concerned, alcohol is a more

Figure 4 . 6 )

 46 Figure 4.6) [26,177,178]. Because of this point, flow regions within drying droplets are divided in to two regions. The first region is the outward flow, in which the particles reach the triple line and form the peripheral ring (Figure 4.6). The second region is the convective flow, in which the particles move towards the triple line but then change their direction and inwardly return to the top surface along the liquidvapour interface (Figure 4.6). The convective flow region is dominated by thermally driven Marangoni flow counteracting the outward flow. The same observations for water-based nanofluid droplets show that most of the butanol (not all) has evaporated prior to the start of regime III. In addition, the competition between the Marangoni

Figure 4 .

 4 Figure 4.15 Volume variation with time at 64 °C.

Figure 4 .

 4 Figure 4.16 Thermal imaging. Evolution of thermal patterns observed during the evaporation of binary-based CuO nanofluid droplets on heated silicon substrates at 64 °C.

Figure 4 .

 4 Figure 4.17 Thermal Imaging. Evolution of thermal patterns observed during the evaporation of binary-based CuO nanofluid droplets on heated silicon substrates at 81 °C.
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 4412155 Figure 4.18 (a) Solutal and thermal Marangoni numbers calculated during evaporation time: (I) 47, (II) 64, and (III) 81 °C. (b) Solutal and thermal Marangoni velocities calculated during evaporation time as function of solutal and thermal Marangoni, respectively: (I) 47, (II) 64, and (III) 81 °C. The solid arrow shows the increase direction of the evaporation time for the thermal Marangoni velocity; the dashed arrow shows the increase direction of the evaporation time for the solutal Marangoni velocity. te is the evaporation time. The calculated velocities are the absolute values.

  Particle velocity is measured by tracking particles during the evaporation. It is shown that particle slightly increases with time, but it rapidly increases at the last stage of the drying process, known as "rush-hour" behaviour. The sudden change in the increase of the velocity occurs between the normalised time of 0.7 and 0.8 for temperatures from 22 to 81 °C. The increasing trend of velocity with time matches well with the theoretical model. The tracer particles are also used to measure the distance between the contact line and the nearest turning point of those particles return back towards the top of the drop due to the inward Marangoni flow. It is found that this distance decreases with increasing the substrate temperature.

Figure 5 .

 5 Figure 5.1a shows the contact line of drops remain pinned for majority of the evaporation time and the contact angle monotonously decreases. Dried Patterns of

, 5 . 3 , 5 . 6 , 5 . 7 ,

 535657 figures, the microscope lens was focused on the contact line of drops. The 1000×
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 513551 Figure 5.1 (a) Evolution of base and contact angle for evaporating water-based bidispersed drops containing a mixture of 3.2 μm diameter particles (mass concentration of 0.0125 wt %) and 1 μm mean diameter particles (mass concentration of 0.0125 wt %) onto a non-heated silicon substrate (at 22 °C) and heated substrates at different temperatures of 51, 64, 81, and 99 °C. (b) Dried deposits of bidispersed drops onto a non-heated silicon substrate (at 22 °C) and heated substrates at different temperatures of 51, 64, 81, and 99 °C. Scale bars, 300 μm.

Figure 5 . 2

 52 Figure 5.2 Snapshots from a video microscopy of the evaporation process of a water-based bidispersed drop containing a mixture of 3.2 μm diameter particles (mass concentration of 0.0125 wt %) and 1 μm mean diameter particles (mass concentration of 0.0125 wt %) onto a non-heated silicon substrate (at 22 °C). Insets show the zoomed-in regions highlighted in the solid rectangles and circles. The micrographs are recorded at a temporal resolution of 30 fps and at 1000× magnification. Scale bars, 50 μm.

Figure 5 . 3

 53 Figure 5.3 Zoomed-in picture (2×) of a completely dried water-based bidispersed drop containing a mixture of 3.2 μm diameter particles (mass concentration of 0.0125 wt %) and 1 μm mean diameter particles (mass concentration of 0.0125 wt %) onto a non-heated silicon substrate (at 22 °C). The complete evaporation of the thin liquid film leaves a depleted zone between the leading edge of the middle and outermost rings. The original micrograph is taken at magnification of 1000×.

Figure 5 . 4 (

 54 Figure 5.4 (a) Images taken from a video microscopy of the evaporation process of a waterbased monodispersed drop containing 1 μm mean diameter particles (mass concentration of 0.0125 wt %) onto a heated silicon substrate at 51 °C: (I) the 1 μm particles leave a thin liquid film during the evaporation; (II) the thin liquid film dries out at the end of the evaporation, and only the ring of 1 μm particles is left behind. (b) Images taken from a video microscopy of the

Figure 5 . 5

 55 Figure 5.5 Zoomed-in snapshots from a video microscopy of the evaporation process of a waterbased bidispersed drop containing a mixture of 3.2 μm diameter particles (mass concentration of 0.0125 wt %) and 1 μm mean diameter particles (mass concentration of 0.0125 wt %) onto a

Figure 5 . 6

 56 Figure 5.6 Snapshots from a video microscopy of the evaporation process of a water-based bidispersed drop containing a mixture of 3.2 μm diameter particles (mass concentration of 0.0125 wt %) and 1 μm mean diameter particles (mass concentration of 0.0125 wt %) onto a heated silicon substrate at 51 °C. The double arrows denote the eddy region between the ringlike cluster and edge. Insets show the zoomed-in regions highlighted in the solid rectangles. The micrographs are recorded at a temporal resolution of 125 fps and at 1000× magnification. Scale bars, 50 μm.

Figure 5 . 7

 57 Figure 5.7 Snapshots from a video microscopy of the evaporation process of a water-based bidispersed drop containing a mixture of 3.2 μm diameter particles (mass concentration of 0.0125 wt %) and 1 μm mean diameter particles (mass concentration of 0.0125 wt %) onto a heated silicon substrate at 51 °C. The micrographs are recorded at a temporal resolution of 125 fps and at 100× magnification. Scale bars, 100 μm.

Figure 5 . 8

 58 Figure 5.8 Sketch of the internal flow pattern inside an evaporating water-based bidispersed drop containing a mixture of 3.2 μm diameter particles and 1 μm mean diameter particles onto a heated silicon substrate; the outward and temperature-dependent Marangoni flows are

Figure 5 . 9

 59 Figure 5.9 Deposition mechanism schematic of the ring-like cluster onto the heated silicon substrate during and after the evaporation of water-based drop containing particles: (a) The particles move towards the pinned edge (shown by the solid arrow), some deposit at the edge, and a fraction of the particles moves back inward to the top surface of the drop. (b) The number of particles increases with evaporation time at the top surface and edge, leading to the formation of a ring-like cluster at the top region of the droplet near the air-liquid interface. (cI) The ringlike cluster moves towards the pinned edge and joins particles deposited at the edge. (dI) The contact line depins. (eI) After the complete evaporation, the ring-like cluster deposited in the edge regions, merged with the other particles at edge. (cII) The contact line depins, and the ringlike cluster moves towards the depinned contact line. (dII) The ring-like cluster reaches the depinned contact line and deposits in the central region. (eII) Apart from the particles deposited in the edge regions, the deposition of the ring-like cluster leads to a new distinct ring-like structure in the central regions after the complete dry-out of the drop.

and 5 .

 5 12i) and the ring formed by particles smaller than 1 μm (marked as the outermost ring in Figures 5.10i and 5.12i). The innermost ring is formed by the mixture of both 1 and 3.2 μm particles (insets in Figures 5.10i and 5.12i). The depinning of the initial contact line also pushes the innermost ring and consequently leads to the deformation or rupture of some parts of the ring (see the regions highlighted by the ovals in Figures 5.10f-i and 5.12f-i).

Figure 5 .

 5 Figure 5.10 Snapshots from a video microscopy of the evaporation process of a water-based bidispersed drop containing a mixture of 3.2 μm diameter particles (mass concentration of 0.0125 wt %) and 1 μm mean diameter particles (mass concentration of 0.0125 wt %) onto a heated silicon substrate at 64 °C. The double arrows denote the eddy region between the ring-

Figure 5 .

 5 Figure 5.11 Snapshots from a video microscopy of the evaporation process of a water-based bidispersed drop containing a mixture of 3.2 μm diameter particles (mass concentration of 0.0125 wt %) and 1 μm mean diameter particles (mass concentration of 0.0125 wt %) onto a heated silicon substrate at 64 °C. The micrographs are recorded at a temporal resolution of 125 fps and at 100× magnification. Scale bars, 100 μm.
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 514855 Figure 5.12 Snapshots from a video microscopy of the evaporation process of a water-based bidispersed drop containing a mixture of 3.2 μm diameter particles (mass concentration of 0.0125 wt %) and 1 μm mean diameter particles (mass concentration of 0.0125 wt %) onto a heated silicon substrate at 81 °C. The double arrows denote the eddy region between the ringlike cluster and edge. The micrographs are recorded at a temporal resolution of 125 fps and at 1000× magnification. Scale bars, 50 μm.

  other internal lines left by the stick-slip (apart from the second line) are similar to what was explained for the second deposition line (inset II in Figure 5.16a).

Figure 5 .

 5 Figure 5.14 Snapshots from a video microscopy of the evaporation process of a water-based bidispersed drop containing a mixture of 3.2 μm diameter particles (mass concentration of 0.0125 wt %) and 1 μm mean diameter particles (mass concentration of 0.0125 wt %) onto a heated silicon substrate at 99 °C. The double arrows denote the eddy region between the ringlike cluster and edge. The micrographs are recorded at a temporal resolution of 125 fps and at 500× magnification. Scale bars, 100 μm.

Figure 5 .

 5 Figure 5.15 Snapshots from a video microscopy of the evaporation process of a water-based bidispersed drop containing a mixture of 3.2 μm diameter particles (mass concentration of 0.0125 wt %) and 1 μm mean diameter particles (mass concentration of 0.0125 wt %) onto a heated silicon substrate at 99 °C. The micrographs are recorded at a temporal resolution of 125 fps and at 100× magnification. Scale bars, 100 μm.

Figure 5 .

 5 Figure 5.16 Dried deposits of bidispersed drops containing a mixture of 3.2 μm diameter particles (mass concentration of 0.0125 wt %) and 1 μm diameter particles (mass concentration of 0.0125 wt %) onto a heated substrate at temperature of 99 °C: (a) the rose-like pattern: (I) initial contact line, and (II) the second deposition line. (b) The typical stick-slip pattern: (I) initial contact line on the depinned side, (II) initial contact line on the pinned side, (III) the second deposition line, (IV) the third deposition line, and (V) the fourth deposition line. Insets show the zoomed-in regions highlighted in the solid rectangles. Scale bars, 600 μm.

Figure 5 .

 5 Figure 5.17 (aI) Schematic diagram of a bidispersed drop's edge at the initial evaporation time. (aII) Particle sorting at the initial edge after the complete evaporation. (bI) Schematic diagram of the drop's edge at the deposition time of the ring-like cluster. (bII) Particle sorting after the deposition of the ring-like cluster. λ is the distance between the ring of non-volatile additives and the ring of 1 μm particles. θ is the contact angle. dp is the diameter of the 1 μm particle.

Figure 5 . 18 .

 518 It should be noted that only those particles deposited at near the edge are considered for this measurement.In other words, the particles inside the outward flow region are tracked for the measurement of velocity (see solid arrows in Figure5.8). Hence, the repelled particles in the Marangoni flow region are not included in this measurement (see dashed arrows in Figure5.8). Using the models by Deegan et al.[START_REF] Deegan | Contact line deposits in an evaporating drop[END_REF], the theoretical height-averaged velocity is calculated close to the contact line, which is given by [

Figure 5 .

 5 Figure 5.18 Particle velocity versus normalised time for drying bidispersed drops containing a mixture of 3.2 μm diameter particles (mass concentration of 0.0125 wt %) and 1 μm mean diameter particles (mass concentration of 0.0125 wt %) onto heated substrates at: (a) 22 °C, (b) 51 °C, (c) 64 °C, and (d) 81 °C. The dashed line indicates the start of the rush-hour behaviour.

Figure 5 . 19 .

 519 Figure 5.19. The crosses show that the particles can change the direction in different distances from the contact line. During the entire evaporation of drops at 51 and 64 °C, the nearest turning points to the contact line are found to be adjacent to the ring of 3.2 μm particles (innermost ring) (see insets in Figure 5.19a,b). On the other hand,

Figure 5 .

 5 Figure 5.19c). Hence, at 81 °C, the stagnation point should be in the immediate vicinity of the middle ring. The measured distances between the nearest turning point and the contact line are approximately 11, 9, and 7 μm for substrate temperatures of 51, 64, and 81 °C, respectively. This shows that increasing the substrate temperature decreases the stagnation distance within drying bidispersed drops.

Figure 5 .

 5 Figure 5.19 Turning points of 1 μm particles are shown by the crosses inside bidispersed drops containing a mixture of 3.2 μm diameter particles (mass concentration of 0.0125 wt %) and 1 μm mean diameter particles (mass concentration of 0.0125 wt %) onto heated substrates at (a) 51 °C, (b) 64 °C, and (c) 81 °C. Insets show the zoomed-in regions highlighted in the solid rectangles.

  the present experimental research, different techniques were used to study the evaporation of sessile droplets. The optical microscopy technique was used to study the motion of nano-and micro-particles in droplets and their resulting pattern formation. Infrared thermography was employed to study the thermal flow pattern of droplets at their free interfaces and the white light interferometry technique was used to investigate the final deposition pattern of particles left after complete evaporation.The first study detailed in Chapter 3 investigated the influence of substrate temperature on the deposition of nanoparticles suspended in evaporating water droplets. The internal flow structure was found to be dependent on the substrate temperature and thus led to the formation of three distinctive deposition patterns after full evaporation: a relatively uniform pattern, a dual-ring pattern, and a stick-slip pattern. Using the microscopy technique, the existence of a stagnation point at the air-liquid interface was demonstrated which divided the flow field into two regions: first, the outward flow responsible for the formation of the peripheral rings at all studied temperatures; and second, the temperature-induced Marangoni flow, which played a crucial role in the formation of the ring-like cluster at the top surface of the drying droplets at temperatures of 51, 64, 81, and 99 °C. This ring-like cluster was deposited as a secondary ring inside the peripheral ring of drying droplets at 51, 64, and 81 °C, forming the dual-ring pattern. The size of the secondary ring increased with enhancing substrate temperatures. At the highest substrate temperature of 99 °C, the contact line slipped and sticked for several times preventing the formation of the dual-ring pattern. Instead, a stick-slip pattern formed on the substrate.In the second study detailed in Chapter 4, the influence of adding butanol to the water-based nanofluid droplets on the deposition of nanoparticles was investigated at the same substrate temperatures listed in Chapter 3. Similarly to the drying of pure water-based nanofluid droplets, three distinctive patterns were left behind after the complete evaporation of binary-based water-butanol nanofluid droplets: a relatively uniform pattern, a dual-ring pattern, and a stick-slip pattern. Additionally, several faint line patterns also formed inside the secondary ring of the dual-ring pattern.Using the infrared thermography technique and volume evolution of droplets, the evaporation process was categorised into three regimes. Each of these regimes corresponded to the observations of nanoparticle movement captured by the optical microscopy technique. In addition to the outward capillary flow, two Marangoni flows were also observed during the evaporation process: first, the thermal Marangoni flow induced by a temperature gradient at the free interface of droplets; and second, the solutal Marangoni flow induced by local concentration gradients arising from the addition of alcohol. A comparison between the strength of these two Marangoni flows revealed that formation of the deposition patterns was mainly affected by the thermal Marangoni flow and outward flow during the last regime of the evaporation. This regime was identical to the total evaporation process of waterbased nanofluid droplets reported in Chapter 3. However, the existence of the faint lines inside the secondary ring of the dual-ring pattern was attributed to the role of the solutal Marangoni flow in the first regime.Finally, the third study detailed in Chapter 5 revealed the effect of substrate temperature on the pattern formation of bidispersed micro-particles from evaporating water-based droplets. Depending on substrate temperature, five distinctive deposition patterns were formed: a relatively uniform pattern enclosed by a disk-shaped ring on the non-heated substrate, a nearly non-uniform pattern inside a thick outer ring at the substrate temperature of 51 °C, a dual-ring pattern at 64 and 81 °C, a rose-like pattern, and a set of concentric rings corresponding to the stick-slip pattern at 99 °C. Particle separation based on size led to the formation of three rings near the contact line: an outermost ring formed by the non-volatile additives smaller than 1 μm, a middle ring built by 1 μm particles, and an innermost ring formed by the mixture of particles with the size of 1 and 3.2 μm. At the substrate temperatures from 64 to 99 °C, the depinning of the contact line formed the same three ring structures in the interior regions of the droplets but with a larger distance between the outermost and middle rings compared to that at the initial contact line region. This effect was attributed to the value of the contact angle at the time of ring deposition. Particle velocity in the outward flow region was measured during evaporation and was compared with a theoretical value. Results

Figure A. 4

 4 Figure A.4 Topography of the particle deposits at various temperatures: (a) Particle size of 3.2 μm, (b) Particle size of 1 μm.

Figure A. 5

 5 Figure A.5 Density distribution of particles at various temperatures: (a) Particle size of 3.2 μm, and (b) Particle size of 1 μm.

Figure A. 6

 6 Figure A.6 Normalised depinning time versus temperature. The dashed line is the linear fitting line.
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Chapter 4 Patterns from Binary-Based Nanofluid Drops on Heated Substrates

This chapter is based on an article published in the Journal of Nanoparticle Research in 2017 [START_REF] Parsa | Patterns from dried water-butanol binary-based nanofluid drops[END_REF]. The author contributed to the design of the experiments, performed the experiments, and contributed to the data analysis and the writing of the manuscript. 

Abstract

In this work, the behaviour of evaporating binary-based nanofluid sessile droplets deposited on a smooth silicon substrate at different temperatures is explored. The formation of deposition patterns during the evaporation is studied by tracking particle clusters using optical microscopy. Similarly to evaporation of pure water-based nanofluid droplets, three distinctive deposition patterns are left behind the complete evaporation: a relatively uniform coverage pattern (on a non-heated surface); a "dualring" pattern at higher temperature, i.e., 81 °C; and a "stick-slip" pattern at 99 °C.

Infrared thermography technique was employed to visualise the evolution of thermal patterns on the surface of the drying droplets. Thermal imaging shows that the evaporation of binary mixture droplets can be classified into three regimes. In the magnification consecutive optical micrographs of the drop evaporating on the nonheated substrate are shown in Figure 5.2 (Supporting Information Video S1). Insets in Figure 5.2 show the regions highlighted in solid rectangles at higher magnification. It can be clearly seen that the accumulation of particles at the edge increases with time due to an outward radial flow driven by the coffee-ring effect (see Figure 5.2a-i). It is known that the thickness of the meniscus decreases towards the drop edge; thus, particles stop moving further towards the contact line at a position where their size matches the thickness of the meniscus [START_REF] Wong | Nanochromatography driven by the coffee ring effect[END_REF]. In other words, the smaller particles move closer to the pinned contact line as compared to the larger ones, leading to the separation of particles with different sizes (insets in Figure 5.2b,e,h). Magnified images of the CL region show that there is a thin liquid film between the initial contact line and leading edge of the ring consisting of particles with mean diameter of 1 μm (shown between two arrows in inset in Figure 5.2e). A peripheral ring of particles is left behind at the drop edge after the complete evaporation, confirming that the thin liquid film did not only consist of pure water (see the outermost ring in inset in Figure 5.2i). Besides, Figure 5.3 shows a depleted zone is left behind between the peripheral ring and the leading edge of 1 μm particles after the complete evaporation of the thin liquid film separating the two rings from each other. To ensure the origin of the deposits at the peripheral ring, the evaporation of drops containing monodispersed particles was conducted (Figure 5.4). As presented in Figure 5.4aI, the drop containing 1 μm particles leaves a thin liquid film which is between the particles and the contact line. After the complete evaporation, only a single ring at the periphery is left and thus the thin liquid film of pure water is completely evaporated (see Figure 5.4aII). Figure 5.4bI shows the 3.2 μm particles travel towards the edge and stop from the edge with a distance, which is filled with the thin liquid film. As shown in Figure 5.4bII, two rings of particles are left behind after the drop dries out. The inner ring is formed by 3.2 μm microspheres; the outer (or peripheral) ring is formed by the particles obviously smaller than 3.2 μm microspheres (Figure 5.4bII). This results from the deposition of the non-volatile additives, which are used in the monodispersed 3.2 μm particle suspension by the manufacturer to inhibit agglomeration and promote stability of the suspension. The
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A.1 Appendix Chapter 4

A.1.1 Estimation of butanol concentration

This section is based on the study by Bennacer and Sefiane [START_REF] Bennacer | Vortices, dissipation and flow transition in volatile binary drops[END_REF] who estimated the evolution of the bulk and interface concentrations of ethanol for an evaporating ethanol-water mixture sessile droplet. It is well known that the more volatile component evaporates first; it diffuses from the bulk to the interface of the drop.

After evaporation, the component diffuses in the form of the gas phase which is a mixture of vapour and air [START_REF] Bennacer | Vortices, dissipation and flow transition in volatile binary drops[END_REF]. In order to deduce butanol concentrations and its evolution with time, the diffusion can be solved by using the convection-diffusion equation as follows:

where 𝐶 is butanol concentration; 𝐷 𝐵 , the butanol diffusivity in water (in the form of the liquid phase); and 𝑈 𝑐 , convective velocity of butanol.

𝑈 𝑐 can be written as follows:

where 𝑞𝑣 𝐵 ̇ is the mass flow rate of butanol and S, the surface area at the liquid-air interface.

𝑆 can be written as follows:

where 𝑅 is the droplet radius.

The initial conditions are defined as follows:

The boundary conditions are as follows:

Concentration gradient at the substrate-liquid interface is

Concentration gradient at the liquid-air interface,

where ℎ is the diffusion-convection coefficient on the liquid-air interface. Here, there is no butanol in the air, hence 𝐶 ∞ = 0.

This equation was solved by the finite element method (FEM) using a partial differential equation (PDE) solver FreeFem++ (version 3.36). 

A.1.2 Marangoni number

The dimensionless solutal Marangoni number can be written as

where 𝑑𝜎/𝑑𝐶 is the change of the surface tension with concentration, in N.m; ∆𝐶 is the concentration difference between the bulk and the interface; and 𝜇 is dynamic viscosity of the binary mixture, in Pa.s.

The dimensionless thermal Marangoni number is defined as

where 𝑑𝜎/𝑑𝑇 is the change of the surface tension with temperature, in N.m/°C, ∆𝑇 is the temperature difference between the droplet edge and the centre, in ℃; and 𝛼 is thermal diffusivity, in m 2 /s.

Surface tension was measured by means of a pendant droplet method using a drop shape analyser (DSA30, KRÜSS GmbH, Germany). The calculation of liquid properties at different temperatures (i.e., dynamic viscosity) showed that there is a negligible change in the values in comparison with the pure binary mixture. It can be deduced that a very low concentration of nanoparticles (0.05 wt %) has no effect on pure binary mixture properties; thus, the Marangoni numbers are calculated for pure binary mixture at different temperatures. Parsa et al. [START_REF] Parsa | Effect of substrate temperature on pattern formation of nanoparticles from volatile drops[END_REF] have also found that there is a negligible difference between the calculated properties of CuO-water nanofluid (0.05 wt %) and pure water. Therefore, the authors calculated the Marangoni numbers for the pure water at different substrate temperatures and time.

A.1.3 Marangoni velocity

This section is based on the work by Kim et al. [START_REF] Kim | Controlled uniform coating from the interplay of Marangoni flows and surface-adsorbed macromolecules[END_REF] who estimated the Marangoni effect for an evaporating binary mixture sessile droplet. For the estimation of the Marangoni velocities, an evaporating binary mixture droplet with radius 𝑅 and height ℎ 0 with a nearly spherical cap is considered. Similarly to the study of Kim et al. [START_REF] Kim | Controlled uniform coating from the interplay of Marangoni flows and surface-adsorbed macromolecules[END_REF],

the binary mixture droplet is thin due to ℎ 0 /𝑅 < 1 where ℎ 0 ≈ 0.1 mm and 𝑅 ≈ 1 mm at the late stages of the evaporation (e.g., after regime II). In cylindrical coordinates (𝑟, 𝑧) and using the lubrication approximation (ℎ 0 ≪ 𝑅), the Navier-Stokes equations can be reduced to

where 𝑝 is the pressure and 𝑢, the radial velocity.

The velocity profile can be obtained by integrating Equation (A. where ∆𝜎 𝑇 is the surface tension difference due to the temperature gradient.

A.2 Appendix Chapter 5

An algorithm is used to separate particles of different sizes, as shown in Figures A.