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Abstract 50 
 51 

Nanoparticle spray deposition finds numerous applications in pharmaceutical, electronics, 52 
manufacturing, and energy industries and has shown great promises in engineering the functional 53 
properties of the coated parts. However, current spray deposition systems either lack the required 54 
precision in controlling the morphology of the deposited nanostructures or do not have the capacity 55 
for large-scale deposition applications. In this study, we introduce a novel spray system that uses 56 
supercritical CO2 to assist the atomization process and create uniform micron-size water droplets 57 
that are used as cellulose nanocrystal (CNC) carriers. CNCs are selected in this study as they are 58 
abundant, possess superior mechanical properties, and contain hydroxyl groups that facilitate 59 
interaction with neighboring materials. We fundamentally investigate the effect of different 60 
process parameters, such as injection pressure, gas-to-liquid ratio, the axial distance between the 61 
nozzle and substrate, and CNC concentration on the final patterns left on the substrate upon 62 
evaporation of water droplets. To this end, we show how tuning process parameters control the 63 
size of carrier droplets, dynamics of evaporation, and self-assembly of CNCs, which in turn dictate 64 
the final architecture of the deposited nanostructures. We will particularly investigate the 65 
morphology of the nanostructures deposited after evaporation of micron-size droplets that has not 66 
been fully disclosed to date. Different characterization techniques such as laser diffraction, 67 
polarized microscopy, and high-resolution profilometry are employed to visualize and quantify the 68 
effect of each process parameter. Numerical simulations are employed to inform the design of 69 
experiments. Finally, it is shown that the fabricated nanostructures can be engineered based on the 70 
size of the carrier droplets controlled by adjusting spray parameters and the concentration of 71 
nanoparticles in the injected mixture. Process parameters can be selected such that nanoparticles 72 
form a ring, disk, or dome-shaped structure. Moderate operational conditions, simplicity and time 73 
efficiency of the process, and use of abundant and biodegradable materials, i.e., water, CNC, and 74 
CO2 promote the scalability and sustainability of this method. 75 
 76 

 77 
 78 
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1. Introduction 83 

Deposition of nanoparticles via liquid atomization finds several practical applications in food, 84 
1-3 drug delivery, 4, 5 manufacturing, 6, 7 energy, 8-10 electronics, 11, 12 and surface coating. 13 Liquid 85 

atomization is referred to as a hydrodynamic process through which a liquid jet injected via a small 86 

nozzle breaks up into several micron-size and submicron droplets upon exposure to the 87 

surrounding fluid and forms a spray. Spray deposition is a simple one-step, safe and low-cost 88 

method for coating large surface areas within few seconds to promote the efficiency and 89 

scalability, while reducing materials usage. In the nanoparticle spray deposition process, a 90 

colloidal suspension is atomized to create droplets containing nanoparticles of interest that 91 

subsequently evaporate and leave the particles on the target surface.  92 

Various configurations of thermal sprays, 14-16 electrical sprays, 17, 18 and direct-write 93 

deposition 19-22 are among the most common spray deposition methods that have been extensively 94 

studied. Thermal spray systems such as warm, 23, 24 plasma, 25-27 and electro sprays 28, 29 use a heat 95 

source, either through a chemical reaction, plasma discharge, or electricity to melt the feedstock 96 

material and spray it on a substrate using a high-speed jet. Cold spray systems where solid powders 97 

(rather than a melted material) are accelerated in a de Laval nozzle towards the substrate, fall under 98 

the thermal spray category. 15 Due to the harsh conditions in these sprays, coatings and substrates 99 

are limited to materials that can withstand large impact forces and are compatible with high 100 

temperature (and/or temperature gradients). 30 Metals and metallic alloys, ceramics, glasses, 101 

polymers, and plastics are commonly used as the coating material in such systems. 15 These 102 

coatings are often utilized to prevent chemical and mechanical damage to different structures 103 

depending on the functionality of the part. 31 Thermal sprays are cost effective and can cover large 104 

surface areas in a short period of time with a thickness that can range from ~20 microns to several 105 

millimeters. 32 However, thermal methods lack the precision needed for coatings layers with a few 106 

nanometer thicknesses, and they do not provide any control over the formation and final 107 

morphology of the deposited nanostructures. 29 108 

Direct-write deposition techniques on the other hand, e.g. inkjet and aerosol jet printing, 109 

precisely control the deposition of colloidal droplets and formation of nanostructures on a targeted 110 

location. 19, 33 These methods find numerous applications in electronics 34-40 and life sciences, 41-43 111 

with a plethora of research focused on developing customized inks for printing different materials. 112 
44-47 Upon deposition on the substrate, the contact line of the ink droplets pins to the substrate. As 113 

the droplet evaporation proceeds, the contact angle between the droplet and substrate decreases. 114 

As a result, a capillary flow from the center of the droplet towards the pinned contact line initiates 115 

to compensate the liquid mass loss at the droplet’s periphery. 48 This flow drags the particles and 116 

accumulates them along the edge of the droplet leaving a ring-shaped trace of particles on the 117 

substrate. 49 This phenomenon is known as the coffee ring effect (CRE) that can be exploited or 118 

suppressed to enforce a specific nanoparticle pattern on the substrate depending on the application. 119 
48 Suppression of the CRE in direct writing methods requires costly and multi-step processes such 120 

as the use of flammable, toxic, and hazardous surfactants to the solvent, 50-52 physical and chemical 121 

modification of the substrate, 53, 54 and imposing external electrical, magnetic, or acoustic forces. 122 
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55-57 Inkjet printing is limited to deposition of a single or a few droplets at a time that covers a small 123 

surface area limiting the scalability of this technique. In addition, since the process parameters are 124 

set prior to print, achieving thickness and material variability, requires multiple rounds of 125 

deposition or using multiple print heads. 58, 59  126 

There are also several high-throughput spray-based techniques to create and release 127 

nanoparticles through atomization of colloidal solutions, such as spray pyrolysis 60 and spray 128 

drying 61 widely used in pharmaceutical and food industries. 62-64 Their adoption is owed to the 129 

compatibility of these techniques with a large variety of materials. In our previous study, the 130 

superiority of spray deposition of cellulose nanocrystals over other conventional coating methods 131 

(i.e., dip-coating) was fully studied. 65 However, due to the inherent uncertainties, randomness, 132 

and wide size distribution of droplets created by atomization, these systems lack the precision and 133 

control over the formation and homogeneity of the produced nanoparticles. 66 Aerosol jet printing 134 

utilizes an air-assisted atomization technique for breakup of the liquid jet stream and a specific 135 

directed nozzle to facilitate targeted deposition. 67 This technique is faster than inkjet printing and 136 

is compatible for deposition on any substrate and capable of handling a wide range of materials in 137 

moderate operating conditions (i.e., low temperatures and pressures). 12, 68 It also provides precise 138 

control over the thickness and profile of the material deposition with the first round of spray. 69, 70 139 

However, aerosol jet printing lacks the capability of large-scale printing/deposition. 71, 72 The 140 

internal design of the nozzle that directly affects the quality and dimensional resolution of the print 141 

is very complicated and is not suitable for printing single dots or square-shaped geometries. 59, 73 142 

Other limitations of this method include low solubility of particles in the solvent and lack of control 143 

over droplet sizes. 74, 75 144 

To overcome these limitations, supercritical-assisted atomization (SAA) has been introduced 145 

as a method that utilizes a fluid above its thermodynamic critical point to facilitate the atomization 146 

process by enhancing the nanoparticles dissolution in solvents. 76 SAA accelerates liquid 147 

atomization by exploiting the hybrid gas-like and liquid-like properties of supercritical fluids. High 148 

density and high diffusivity along with low viscosity of supercritical fluids enhances the 149 

dissolution of gasses into the injected mixture (comprised of the solvent and nanoparticles) and 150 

reduces the surface tension between the injected liquid and the surrounding gas that both contribute 151 

to an improved atomization process and spray formation. 77, 78 Owing to their high diffusivity, 152 

supercritical fluids highly dissolve in the liquid mixture prior to injection and separate from the 153 

mixture in the form of gas bubbles upon injection into the surrounding environment. The sudden 154 

expansion of these gas bubbles, triggers the breakup of the liquid jet and shatters it into very fine 155 

and highly uniform droplets with a narrow size distribution compared to other spray-based 156 

techniques. 79 Material selection is an important factor in designing the SAA system, especially in 157 

micronization and powder manufacturing applications where solid particles that are dissolved in 158 

the supercritical mixture need to preserve their properties after dissolution. CO2 is an abundant, 159 

degradable, nontoxic, and nonflammable gas with moderate critical temperature and pressure 160 

(31˚C and 7.4 MPa) compared to other fluids, which makes it a viable option for several 161 

applications such as temperature-sensitive materials used in pharmaceutical and biological 162 
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applications. 80, 81 The high solubility of supercritical CO2 (SCO2) in most organic and inorganic 163 

solvents has made it the supercritical fluid of choice in SAA systems. 82, 83 Sensitivity of mixture 164 

properties to the operational conditions enables the regulation of droplet sizes and the final 165 

morphology of the fabricated particles. 84 Although SAA provides great control over process 166 

parameters, it is limited to solely manufacturing micro/nanoparticles that are collected in a 167 

precipitator in the form of dry powder after atomization.  168 

An important application of SAA is the direct deposition of nanoparticle-carrier droplets 169 

resulting from atomization of nano-colloidal suspensions exposed to SCO2 and exploiting that 170 

process to engineer the nanostructures on a substrate. However, due to complex underlying 171 

atomization mechanisms in SAA, this potentially important application has not been fully explored 172 

in the literature to date. This knowledge gap motivated the current study where we have designed 173 

and built a novel SAA system to atomize aqueous Cellulose nanocrystal (CNCs) suspension and 174 

deposit the droplets containing CNC on a solid substrate to fabricate nanostructures with controlled 175 

size and morphology. In our previous study, we experimentally studied the effect of a wide range 176 

of process parameters such as GLR, injection pressure, and axial distance from the injection orifice 177 

on the breakup and final droplet size in the absence of nanoparticles 85. In this study, we utilize 178 

SAA as a new large-scale delivery method for depositing CNCs and controlling the fabrication of 179 

nanostructures on solid substrates. The proposed spray deposition technique can seamlessly be 180 

adopted for several practical applications involving CNCs and other nanoparticles. The main 181 

objective of this study is to (1) understand the effect of spray parameters and colloidal suspension 182 

properties on the shape of the nanostructures formed on the substrate after droplet evaporation, 183 

and (2) use this knowledge to effectively control and tailor the architecture of deposited 184 

nanostructures.  185 

We adopted CNC in this study as it forms a stable dispersion in water and possesses unique 186 

mechanical and chemical properties that make it appealing for a variety of applications, from 3D 187 

printing 7 and manufacturing, 86-88 to drug delivery 89 and electronics. 90 CNCs with linear chain 188 

glucose units (C6H10O5) are abundant, non-toxic, and biodegradable spindle-shaped nanoparticles 189 

obtained from plants, algae, bacteria, and marine animals. 91, 73 CNC contains accessible hydroxyl 190 

groups on its surface that makes it suitable for chemical modification. 92 In addition, CNCs possess 191 

unique features such as low density (1.5 g/cm3), elastic modulus of 110-220 GPa, tensile strength 192 

of 3-7.5 GPa, high aspect ratio (10-100), and high surface area. 92 Evaporation-induced self-193 

assembly of aqueous CNC droplets has been widely studied for optical sensing, security labeling, 194 

food, cosmetics, textiles, and art applications. 93-97 However, these studies are focused on 195 

investigating the patterns in a liquid film or a single droplet and involve time and cost-inefficient 196 

lab-scale processes. To this end, we experimentally investigate the effect of different spray 197 

parameters and the concentration of CNC on the mean droplet sizes and the morphology of the 198 

created nanostructure. We have leveraged computational fluid dynamics (CFD) simulations to 199 

obtain the optimum spray parameters, achieve the desired film thickness, and indicate the prime 200 

location for delivery of droplets on the substrate where minimum droplet evaporation and spray 201 

bounce-back occurs. The computational results inform the experimental system design, and thus 202 
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reduce the trial-and-error process to obtain the optimum deposition outcome with minimum 203 

material waste and ensure system scalability.  204 

The remainder of this paper is structured as follows: the spray deposition setup and materials 205 

selected for this work, as well as the characterization techniques, are described in Section 2. 206 

Governing equations and computational methods utilized in simulations are described in Section 207 

3. Results and Discussion are presented in Section 4, where the effects of spray parameters on the 208 

final nanostructures assembled on the substrate are visualized and measured using microscopy and 209 

profilometry. The resulting film thickness and droplet behavior at different spray parameters from 210 

numerical simulations are also presented. The Conclusions presented in Section 5 concludes this 211 

paper. 212 

2. Experimental Method 213 

2.1 Spray Setup and Diagnostics  214 

Figure 1 shows a schematic of the experimental setup for SAA spray deposition of CNCs on 215 

a glass substrate. The spray system has two feed lines that deliver CO2 and the aqueous CNC 216 

suspension to a custom-made pressure vessel. The ternary mixture, i.e., CNC, water, and CO2, mix 217 

and reside in the pressure vessel. A pump feeds the colloidal suspension into the pressure vessel, 218 

while another pump connects the CO2 tank to the pressure vessel. Pressure and temperature are 219 

monitored in multiple locations along the feeding lines and inside the vessel using several pressure 220 

gauges and thermometers. The mixture is then injected into the ambient atmospheric air towards a 221 

glass substrate (VWR, micro cover glass No. 1.5). The internal geometry of the nozzle is a straight, 222 

circular cylinder with an actuator. 223 

 224 

 225 
Figure 1. A schematic of the experimental setup indicating the feed gas tanks, pumps, pressure vessel, 226 

nozzle, substrate, and the laser diffraction system. 227 
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 228 

 229 

2.1 Materials 230 

CNCs with an average diameter and length of 3 and 75 nm, respectively were provided by 231 

CelluForce (Quebec, Canada). CNC with concentration of 0.2, 0.5, 2 wt% were dispersed in 500 232 

mL of deionized water (DI-H2O) using probe sonication (Qsonica Q125 equipped with a 12 mm 233 

sonotrode) for 30 min at a frequency of 20 kHz and 75% intensity. Sonication was performed at 234 

room temperature and the colloidal suspension was used within two hours to prevent sedimentation 235 

and ensure the quality of the dispersion.  236 

 237 

2.2 Test Conditions 238 

Table 1 represents different test cases and corresponding experimental conditions including 239 

the concentration of CNC in the injected suspension, injection pressure, and gas-to-liquid ratio 240 

(GLR). GLR is the ratio of the CO2 mass flow rate to the liquid (nanoparticle suspension) mass 241 

flow rate measured upon feeding CO2 and the liquid separately into the mixing chamber prior to 242 

injection. GLR is commonly used to represent the gas content in the injection mixture. The axial 243 

distance from the injection nozzle where droplet Sauter Mean Diameter (SMD) is measured is 244 

outlined in Table 1. The average size of droplets in a spray is commonly represented by Sauter 245 

Mean Diameter (SMD) and is calculated as 𝑆𝑀𝐷 = 𝐷𝑣3𝐷𝑠2, where the surface diameter and volume 246 

diameter are defined by Ds = √𝐴𝜋, and Dv = ( 6 𝑉𝜋 )
13
, respectively and A and V represent the surface 247 

area and volume of the droplet, respectively. All experiments were carried out at room conditions 248 

(25°C and relative humidity ~ 40%). 249 

Table 1. Design of experiments 250 

CNC Concentration (wt%) Injection Pressure (MPa) Axial Distance (cm) GLR 

0.2 

3, 6, 7.5, 9 10, 15, 20 

0.02, 0.05, 

0.075, 0.1, 

0.2, 0.5, 1, 2, 

3, 4 

0.5 

2 

 251 

2.3 Characterization Techniques 252 

2.3.1 Microscopy 253 

A Leica DM6B (Leica Microsystems Inc., Germany) motorized microscope equipped with 2x-254 

40x objectives is used to portray the distribution of droplets on the glass substrate. Polarized light 255 

mode is applied to visualize the distribution of the crystalline CNCs that are otherwise transparent 256 

to brightfield lighting. 257 

2.3.2 High-Speed Imaging 258 
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A Fastcam SA5 (CA, USA) high-speed camera equipped with a Nikon Nikkor (Tokyo, Japan) 259 

micro lens is used for diffuse back-illumination imaging of the spray development. The resolving 260 

power of this optical system correlated with the smallest feature that it can accurately capture is 261 

~20 𝜇m. The images are captured with a frame rate of 500,000 fps and have a 128×64 pixels field 262 

of view. 263 

2.3.3 Laser Diffraction 264 

A Malvern Panalytical’s laser diffraction system (Malvern, UK) with a He-Ne laser source is 265 

used for real-time measurements of the average volume-based droplet size (SMD) at different axial 266 

locations across the spray. Sampling errors and the back-end algorithms that are deployed in the 267 

system software to convert the scattered light into meaningful particle size measurements are the 268 

main limitations of these systems, 98 yet the system has a 1 Hz acquisition rate, 0.1 µm resolution, 269 

and 99% accuracy in size measurements. Measurements are captured from the diffraction pattern 270 

of the superimposed laser beam and the spray. All reported droplet sizes are at least an average of 271 

six measurement realizations.  272 

2.3.4 Profilometry  273 

Bruker DektakXT Surface Profiler (Bruker Corp., USA.), which is a stylus-based surface 274 

profilometer with a vertical resolution of 1 Å, is used to map the height of CNCs deposited on the 275 

surface of the glass substrates after droplet evaporation. A stylus with a 6.5 𝜇m tip and 3 mg force 276 

is used for all measurements. All experiments were carried out at least six samples and the average 277 

height profile is reported. 278 

2.3.5 Rheometer 279 

A cone-and-plate rheometer (Anton Paar-MCR 301, Austria) is used to measure the viscosity 280 

of aqueous suspensions of CNC with different concentrations at room temperature. All 281 

experiments were repeated at least six times and the average viscosity is reported. 282 

2.3.6 Zetasizer 283 

A Malvern Zetasizer Ultra (Malvern, UK) is used for measuring the diffusion coefficient 284 

of cellulose nanoparticles in water using non-invasive light scattering. All experiments were 285 

repeated at least six times and the average diffusion coefficient for each case is reported. 286 

2.3.7 Post-Processing Methods 287 

ImageJ (NIH) is utilized for post-processing the microscopy images to measure the diameter 288 

of droplets. In order to measure the surface area that is coated with CNC, we have binarized images 289 

by imposing a global intensity threshold above which the intensity was set to one and the remaining 290 

pixel intensities were set to zero. We have then used ImageJ to measure the area covered with 291 

pixels that have the intensity of one. The jet development simulation is visualized using the 292 

EnSight software package from ANSYS. In addition, the Matplotlib library in Python is utilized 293 

to plot and analyze the data from laser diffraction and profilometry techniques.  294 

3. Computational Method 295 

3.1. Governing Equations 296 
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Three-dimensional Computational Fluid Dynamics (CFD) simulation is carried out in the 297 

open-source C++-based CFD package OpenFOAM-2.2.x 99 to model the atomization and breakup 298 

of the aqueous suspension, formation of the liquid film deposited on the solid substrate, and the 299 

behavior of the droplets on the substrate that include stick, rebound, spread, and splash. 100 A two-300 

dimensional domain is considered for simulating the liquid film on the solid substrate. Dynamic 301 

structure Large Eddy Simulation (LES) is implemented in this study 101 to incorporate the 302 

turbulence effect of the fluid phase (liquid suspension and the surrounding gas) and Stanton-303 

Rutland model is employed to model film formation on the solid substrate. 102 A Lagrangian-304 

Eulerian approach 103 is used for the spray simulation that treats the gas phase as a continuum for 305 

which a complete set of transport equations are solved while the liquid phase is considered as a 306 

discrete phase transported with the gas medium. The sub-models used for the spray simulation 307 

include the dispersion model, Kelvin-Helmholtz Rayleigh-Taylor (KH-RT) breakup model 104, 308 

vaporization model105, Ranz-Marshall106 heat transfer model, and dynamic structure turbulence 309 

model. For the sake of brevity, we only discuss the modified transport equations employed for 310 

solving the continuity (Eq. 1) and momentum for the liquid film deposited on the substrate (Eq. 311 

2). For the details on Lagrangian–Eulerian spray simulations, the reader is referred to the authors’ 312 

earlier works. 107, 108 The heat transfer on the solid substrate has been neglected here to isolate the 313 

behavior of the splashing droplets upon reaching the substrate from evaporation effects. It is noted 314 

that small droplets may have a non-Newtonian behavior due to the presence of the nanoparticles; 315 

however, as the CNC concentration is low, this study assumed a Newtonian behavior. 316 𝜕𝛿𝜕𝑡 + 1𝐴𝑤𝑎𝑙𝑙 ∑(�⃗� 𝑓𝑖𝑙𝑚. �̂�)𝑖𝑁𝑠𝑖𝑑𝑒
𝑖=1 𝛿𝑖𝑙𝑖 = 𝑆𝑑𝜌𝑙𝐴𝑤𝑎𝑙𝑙 , (1) 

 𝜕(𝛿. �⃗� 𝑓𝑖𝑙𝑚)𝜕𝑡 + 1𝐴𝑤𝑎𝑙𝑙 ∑ �⃗� 𝑓𝑖𝑙𝑚(�⃗� 𝑓𝑖𝑙𝑚. �̂�)𝑖𝑁𝑠𝑖𝑑𝑒
𝑖=1 𝛿𝑖𝑙𝑖∅𝑖

= −∑ (𝑃�̂�)𝑖𝑁𝑠𝑖𝑑𝑒𝑖=1 𝛿𝑖𝑙𝑖𝜌𝑙𝐴𝑤𝑎𝑙𝑙 + 𝑀𝑡𝑎𝑛𝑔𝜌𝑙𝐴𝑤𝑎𝑙𝑙 + ∑ 𝜏 𝐴𝑖𝑁𝑠𝑖𝑑𝑒𝑖=1𝜌𝑙𝐴𝑤𝑎𝑙𝑙 , 
 

(2) 

 

The continuity and momentum equations are presented in (1) and (2), respectively and Awall is the 317 

area of the wall cell, �⃗� 𝑓𝑖𝑙𝑚 is the film velocity, li is the substrate length at side i, 𝜌𝑙 is the film 318 

density, 𝛿𝑖 is the film thickness at side i, ∅𝑖 is the impingement angle, and Sd is the source term. 319 

The following equations are used to calculate the pressure as 𝑃 = 𝑃𝑐𝑒𝑙𝑙 + 𝑃𝑑, where 𝑃𝑐𝑒𝑙𝑙 is the free 320 

stream pressure. 𝑃𝑑 is the dynamic pressure due to impingement and splashing of the droplets 321 

defined as follows:  322 

 𝑃𝑑 = 𝜌𝑙 ∑ 𝑉𝑛𝑑2𝑁𝑑𝑟𝑜𝑝𝑖=1 𝐴𝑑𝑖𝐴𝑤𝑎𝑙𝑙 + 𝜌𝑙 ∑ 𝑉𝑛𝑗2𝑁𝑠𝑝𝑙𝑎𝑠ℎ𝑗=1 𝐴𝑗𝐴𝑤𝑎𝑙𝑙, (3) 

 

where 𝑉𝑛𝑑 is the normal component of velocity of the incoming droplets and 𝑉𝑛𝑗 is the normal 323 

component of velocity of the jth secondary droplet due to splashing. 𝐴𝑑𝑖 and 𝐴𝑗 are projected areas 324 
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of the ith incoming droplet and jth splashed droplet, respectively. 𝑀𝑡𝑎𝑛𝑔 is the tangential momentum 325 

due to the impingement and splashing of the droplets defined as follows: 326 

 𝑀𝑡𝑎𝑛𝑔 = ∑ (𝑚𝑖�⃗� 𝜏𝑑𝑖)𝑁𝑑𝑟𝑜𝑝
𝑖=1 − ∑ (𝑚𝑗�⃗� 𝜏𝑗)𝑁𝑠𝑝𝑙𝑎𝑠ℎ

𝑗=1 . (4) 

 

Finally, the shear force acting on the substrate due to the droplet splashing is defined as   327 

 ∑ (𝐴𝑗𝜏 𝑗)𝑁𝑒𝑑𝑔𝑒
𝑗=1 = ∑ (𝜏 )𝑒𝑑𝑔𝑒,𝑖𝑁𝑠𝑝𝑙𝑎𝑠ℎ

𝑖=1 𝛿𝑖𝑙𝑖 + (𝜏 )𝑤𝑎𝑙𝑙𝐴𝑤𝑎𝑙𝑙 + (𝜏 )𝑙𝑖𝑞/𝑎𝑖𝑟𝐴𝑤𝑎𝑙𝑙, (5) 

 

where (𝜏 )𝑒𝑑𝑔𝑒,𝑖 is the shear stress along the edges of the film, (𝜏 )𝑤𝑎𝑙𝑙 is the wall shear stress, and 328 (𝜏 )𝑙𝑖𝑞/𝑎𝑖𝑟 is the shear stress at the interface between the gas and the liquid. 329 

 330 

3.2 Droplet Behaviour on the Substrate 331 

The droplet behavior upon reaching the substrate is detected via the droplet splashing criteria 332 

suggested by Stanton 109 as outlined in Table 2. It indicates whether the droplets stick, rebound, 333 

or spread on the solid substrate depending on the frequency of the incoming impinging droplets. 334 

This criterion is based on the Weber number (We) that is defined as the ratio of the drag force to 335 

surface tension force acting on the droplets. The parameters given in Table 2 include dd, the 336 

diameter of impinging droplet; f, the frequency of droplets impinging on the wall, v, the velocity, 337 

and σ is the surface tension coefficient.  338 

Table 2. Droplet splashing criteria 109 339 

Stick 𝑊𝑒 < 5 

Rebound 5 < 𝑊𝑒 < 10 

Spread 10 < 𝑊𝑒 < 324𝑣1/4𝑓3/4(𝜌/𝜎)1/2 
Splash 𝑊𝑒 > 324𝑑𝑑𝑣1/4𝑓3/4(𝜌/𝜎)1/2 

 340 

We will calculate the velocity of the droplets after rebound and the angle at which the 341 

droplets bounce off from the substrate. We will identify the position of the droplets based on their 342 

velocity upon impact with the substrate to predict the liquid film growth towards the edges of the 343 

substrate as the droplets stick to the substrate. The number density of the droplets bouncing off the 344 

substrate will be calculated. Finally, a Weibull distribution110 is used to calculate the diameter of 345 

the droplets which break down and bounce back from the surface of the liquid film on the substrate. 346 

The equations used for calculating the above-mentioned parameters are summarized in Appendix 347 

I. 348 

4. Results and Discussion 349 

4.1 Spray Formation 350 

It is crucial to understand the breakup mechanisms of the supercritical CO2-assisted 351 

atomization of the aqueous CNC suspension as it creates droplets that carry and deposit the 352 

nanoparticles on the substrate. In order to fully understand the effect of different parameters on the 353 
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deposition process and the created micro/nano structure, a wide range of test cases outlined in 354 

Table 1 are studied. The experiments are designed to encompass different phases (i.e., subcritical, 355 

critical, and supercritical phases) of the hybrid CO2-water mixture. Supercritical CO2 (SC-CO2) 356 

has a high density and is highly soluble in water around the critical point of the CO2-water mixture, 357 

since the diffusion coefficient of CO2 significantly increases close to this critical pressure (i.e., 358 

~7.5 MPa). The high solubility of CO2 in water reduces the interfacial tension of the injection 359 

mixture that is shown to facilitate the atomization process111, 112. Table 3 presents the 360 

thermophysical properties of CO2-water mixture at sub-critical, critical, and supercritical states. 361 

Comparing these values shows that that optimum condition (high diffusion coefficient and low 362 

interfacial tension) is achieved at the critical pressure of the CO2-water mixture and supercritical 363 

pressure. Increasing the pressure beyond 9 MPa does not further change the solubility and the 364 

interfacial tension. The translational diffusion coefficient of CNC in water is measured using 365 

dynamic light scattering (DLS) and is plotted as a function of CNC concentration in Fig. 2. By 366 

increasing the concentration of CNC from 0.2 to 2wt%, the measured diffusion coefficient 367 

decreases, and viscosity increases. 368 

Table 3. Thermophysical properties of subcritical, critical, and supercritical CO2-H2O. 113, 114 369 

Pressure 

(MPa) 

CO2 solubility 

(mol%) 

CO2 diffusion coefficient 

(m2/s) ×10-10 

Interfacial tension 

(mN/m) 
Density (kg/m3) 

3 1.35 6.7 56.5 1015.2 

6 2.15 15.1 40.8 1016.1 

7.5 2.35 18.5 36.2 1018.5 

9 2.41 13.9 33.5 1020.3 

 370 

High mole fraction of dissolved SCO2 in aqueous CNC suspension results in the formation of 371 

a bulged core filled with CO2 in the liquid jet very close to the nozzle. The emergence of gas 372 

bubbles and depressurization into the atmospheric pressure causes bubble expansion and 373 

eventually bubble burst. The force produced by the bubble burst shatters the liquid into micron-374 

size long and slender ligaments that eventually breakup and form small droplets 85. The temporal 375 

development of the bubbles and ligaments in a region close to the nozzle (~ 300 𝜇m downstream 376 

of the orifice exit) is portrayed in Fig. 3. The lower interfacial tension of CO2-water mixture at 377 

supercritical conditions facilitates the ligament breakup and the combined effects result in 378 

enhanced primary breakup and formation of fine droplets with homogenous size distribution that 379 

ensures a uniform distribution of the deposited nanostructures on the substrate upon evaporation 380 

of the solvent.  We have detailed the breakup mechanism of the liquid jet in the same SAA system 381 

in our earlier paper 85.  382 

 383 
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 384 
Figure 2. Diffusion coefficient of CNC in water (left axis, dashed blue line), and viscosity of aqueous 385 

CNC suspension (right axis, solid green line) as a function of CNC concentration. 386 
 387 

The droplets created through the atomization process carry the nanoparticles and place them 388 

on the substrate. The assembly of the nanoparticles and the pattern of the deposited nanoparticles 389 

are highly affected by the droplet evaporation dynamics on the substrate and the size of the 390 

droplets. As a result, it is important to understand the effect of different spray parameters (i.e., 391 

injection pressure, gas-to-liquid ratio, axial distance from injection orifice) and injection mixture 392 

properties (i.e., the concentration of nanoparticles) on the droplet average size. These analyses will 393 

aid in designing the process parameters of the spray system. The next section discusses the effect 394 

of various process parameters on the SMD of the droplets containing nanoparticles. 395 

 396 
Figure 3. High-speed images (500,000 fps) capturing the early development of the spray. GLR = 0.2, 397 

Pinj= 9 MPa developing with time from left to right with a 2 𝜇s time interval between the frames. 398 

 399 

4.2 Droplet Size Distribution  400 

The effect of different spray parameters and physical properties of the injection mixture on the 401 

average size of carrier droplets that is especially crucial for designing the nanoparticle delivery 402 

system is discussed in this section. The laser diffraction system is used for real-time measurement 403 

of SMD at 10, 15, and 20 cm axially located downstream of the nozzle. These points are selected 404 

to fully represent the whole spray plume. Figure 4 plots the measured SMD as a function of GLR 405 

for different injection pressures and axial locations. It is observed in Fig. 4 (a-c) that for each 406 

injection pressure, the mean droplet size decreases as GLR increases and the rate of SMD reduction 407 

decreases with an increase in GLR and reaches a plateau at the GLR of 0.2. At this point, increasing 408 

(a) (b) (c)

Ligament
Ligament 

Extension

Bulging of 

the core

Bubble 

growth

100 � m100 𝝁m 
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GLR does not have a noticeable effect on the SMD and hence this value (i.e., GLR= 0.2) is selected 409 

for spray deposition experiments.  410 

At each GLR and axial distance, increasing the injection pressure results in the formation of 411 

droplets with smaller sizes. This is owed to the higher solubility of CO2 in water and lower 412 

interfacial tension of CO2-water mixture at higher pressures as was indicated in Table. 3. The 413 

combined effects enhance the primary breakup of the liquid jet due to the burst of dissolved gas 414 

bubbles and surface capillary breakup. As a result, the variation of droplet sizes by changing 415 

injection pressure is more evident in cases where measurement is performed closer to the nozzle 416 

(i.e., 10 cm axial distance in Fig. 4(a)) compared to measurements further away from the injection 417 

orifice (i.e., 15 and 20 cm from the orifice in Fig. 4(b, c)). It is also evident that for each injection 418 

pressure, increasing the axial distance between the injection orifice and SMD probe from 10 cm 419 

in Fig. 4a to 20 cm in Fig. 4c, results in smaller mean droplet sizes and their size does not vary 420 

significantly with GLR. This can be attributed to the “secondary breakup” of droplets that occurs 421 

at locations further away from the nozzle. The secondary breakup is referred to a process in which 422 

the droplets exposed to high shear forces breakup into multiple smaller droplets. 423 
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424 

425 

 426 

Figure 4. SMD measurements as a function of GLR for different injection pressures and an axial distance 427 

of (a) 10 cm, (b) 15 cm, and (c) 20 cm from injection orifice. 428 
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Figure 5(a) shows the measured SMD as a function of injection pressure at 1 cm axial distance 429 

with respect to the nozzle and for three different concentrations of CNC in the suspension (i.e., 430 

0.2, 0.5, and 2wt%). Similar to Fig. 4, increasing the injection pressure reduces the droplet sizes. 431 

The droplet sizes breakup into smaller droplets at locations further away from the orifice due to 432 

the secondary breakup. The sharpest decrease in the droplet is achieved at 7.5 MPa injection 433 

pressure that is close to the critical pressure of the CO2-water mixture. The proximity to the critical 434 

pressure enhances the diffusivity of CO2 in water and the creation of more bubbles inside water 435 

upon injection that enhances the atomization process and reduces the droplet size. Further 436 

increasing the injection pressure to 9 MPa has a negligible effect on the droplet size. This can be 437 

attributed to the maximum diffusion coefficient of CO2 in water that occurs at 7.5 MPa, 115 which 438 

in turn results in minimum surface tension value for the water-CO2 mixture at this pressure. 114 In 439 

addition, increasing the concentration of nanoparticles in the injection mixture, from 0.2wt% to 440 

2wt%, increases the overall size of the carrier droplets. The viscosity of the aqueous suspension 441 

increases from 1.2 to 4 mPa.s by increasing the concentration from 0.2 to 2wt% as indicated in 442 

Fig. 2. This enhancement (~three-fold) in viscosity of the injection mixture leads to an average of 443 

~54% growth in droplet sizes of the spray. It is well established that an increase in liquid viscosity 444 

results in the formation of larger droplets as it suppresses the breakup process by dampening the 445 

interfacial perturbations between the liquid and gas upon injection that eventually break it up to 446 

multiple droplets. 116, 117 The direct effect of droplet sizes on the dynamics of solvent evaporation 447 

which in turn influences the assembly of nanoparticles and architecture of nanostructures formed 448 

on the substrate is discussed in the next section.  449 

 450 
Figure 5. SMD as a function of injection pressure for different CNC concentrations measured at an axial 451 

distance of 15cm and GLR=0.2. 452 

 453 
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4.3 Nanostructure Patterns 454 

In this section, we discuss the CNC patterns that form after the evaporation of the liquid 455 

droplets generated through atomization of the aqueous CNC suspension. We study the effects of 456 

different process parameters on the created nanostructure on a glass substrate. Figures 6 visualizes 457 

the polarized micrographs of otherwise transparent CNC nanostructures that are formed on the 458 

substrate upon droplet evaporation for different injection pressures. The glass substrates are 1cm 459 

by 1 cm. Figure 6 illustrates the architecture of nanostructures for various injection pressures for 460 

0.2wt% (left column) and 2wt% (right column) CNC concentration. The main pattern of assembled 461 

nanostructures in these top-view micrographs can be categorized in one of the three shapes: (1) 462 

ring-shape, where the majority of nanoparticles accumulate along the edge of the evaporating 463 

droplet, (2) homogenous distribution, where particles scatter across the surface area of the 464 

evaporating droplet, and (3) transition stage, where there is still a distinct ring-shape structure and 465 

some particles are also scattered within the center of the evaporating droplet. It is illustrated in Fig. 466 

6(a1-d1) that regardless of the injection pressure, the droplets with diameters smaller than ~5.5 𝜇m 467 

exhibit a homogenous distribution, while droplets larger than ~7.5 𝜇m have generated a ring-468 

shaped structure, and droplets with diameter sizes in between the two thresholds (i.e., between 5.5 469 

to 7.5 𝜇m) represent a transition between the two identified regimes. All three patterns were 470 

observed for all injection pressures as the droplet size distribution envelopes the detected 471 

thresholds. In Fig. 6(a2-d2) that illustrate droplets with a higher concentration of CNC particles 472 

(i.e., 2wt%), the homogenous distribution, transition, and ring structure occurs for < 9.5 𝜇m, ~9.5-473 

11.5 𝜇m, and > 11.5 𝜇m droplet sizes, respectively.  It is noted that at least 6 images were taken at 474 

different locations of the same substrate; all of which were in great agreement with the threshold 475 

detected in these figures. 476 

 477 

 0.2 wt% CNC 2 wt% CNC 

(a) Pinj=3 MPa 

     

(b) Pinj=6 MPa 

   

10 𝝁m 
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(c) Pinj=7.5 MPa 

  

(d) Pinj=9 MPa 

  
Figure 6. Polarized microscopy of CNC patterns after evaporation of water in CNC aqueous suspension 478 
droplets on a glass substrate located at 15cm axial distance for 0.2 wt% CNC concentration for (a-1) 3 479 

MPa, (b-1) 6 MPa, (c-1) 7.5 MPa, and (d-1) 9 MPa injection pressures and 2 wt% CNC concentration for 480 

(a-2) 3 MPa, (b-2) 6 MPa, (c-2) 7.5 MPa, and (d-2) 9 MPa injection pressures. The 10 𝜇m scale bar is 481 
identical in all images. 482 

 483 

Figure 7 demonstrates the profile/height measurements of assembled nanostructures upon 484 

evaporation for droplet sizes varying from 5 to 13 𝜇m and different concentrations (0.2wt%, 485 

0.5wt%, 2wt%). Combined with top-view micrographs presented in Fig. 6, they provide a 3D 486 

realization of the shape of assembled CNC nanostructures. In Fig. 7, the droplets have been 487 

injected at 9 MPa. We discussed the effect of injection pressure on the nanoparticle patterns in Fig. 488 

6 and showed that droplets with the same size and concentration shared the same pattern regardless 489 

of the injection pressure. The profilometry height measurements indicate that nanostructures 490 

represent a ring, disk, or dome shape. A ring pattern that is identified with two peaks on the height 491 

profile is referred to the accumulation of nanoparticles along the edge of the droplet (labeled as 492 

“ring” in the top view in Fig. 6). A dome forms when nanoparticles are captured at the interface 493 

during evaporation and mainly remained in the center after droplet evaporation i.e., only one peak 494 

is observed on the height profile. The dome structure was identified as “transition” in the top view 495 

depicted in Figure 6. Finally, a disk pattern forms when the height profile is nearly flat at the 496 

center. This indicates nanoparticles are scattered more uniformly across the surface area of the 497 

droplet compared to the dome and ring and. The disk pattern was identified as “homogenous” in 498 

the top view Fig. 6. Figure 7 shows that by decreasing the droplet size from 13 µm (red) down to 499 

5 µm (blue), the assembly of particles transits from ring-shape to a dome-shape structure for all 500 

CNC concentrations. The 9 µm-droplet (green) represents the transition between ring to a disk-501 

shape structure. By increasing the concentration of CNC, the transition from a ring structure to 502 

disk occurs at larger droplet sizes. As will be discussed in the next section, the droplet size and 503 

concentartion directly affects the evaporation rate of the solvent, which in turn influences the 504 

particle advection and diffusion and ultimately the nanoparticle patterns.  505 

Homogenous 

Homogenous 

Homogenous 

Homogenous 

c-1 c-2 

d-1 d-2 
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 506 

 507 

 508 
Figure 7. Profilometer height measurement of CNC nanostructures created on substrate after evaporation 509 
of water in droplets as a function of droplet diameter. CNC concentrations are 0.2, 0.5, and 2wt% and the 510 

injection pressure is 9 MPa. 511 
 512 
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 513 
Figure 8. Dv90 as a function of injection pressure for different CNC concentrations measured at an 514 

axial distance of 15cm and GLR= 0.2. 515 

 In summary, by controlling the droplet sizes we can engineer the desired pattern (ring, dome, 516 

disk) for different concentrations. The use of SCO2 enables achieving a very uniform distribution 517 

of droplet sizes within the spray that facilitates achieving a uniform distribution of CNC with the 518 

desired pattern on the substrate. The injection pressure can directly control the overall size of 519 

droplets within the spray plum and can be adjusted to the size requirements of the specific 520 

application where the spray deposition system is being used. To quantitatively demonstrate the 521 

control over the nanostructure patterns with the injection pressure Dv90 measurement using laser 522 

diffraction method is plotted vs. injection pressure for variable concentrations plotted in Fig. 8. 523 

Dv90 indicates the mean diameter size that represents 90% of the total volume of the existing 524 

liquid droplets Fig. 8 shows that at 7.5 MPa injection pressure and 0.2wt% CNC concentration, 525 

90% of droplets are smaller than 4 𝜇m in size. Based on the microscopic images and height 526 

profilometry, droplet sizes smaller than 4  𝜇m will represent a homogenous nanoparticle 527 

distribution. As a result, most of the deposited nanostructures will exhibit a disk-shape structure. 528 

The information from this measurement combined with detailed discussions on the 3D architecture 529 

of fabricated micro/nanostructures have important implications in designing practical deposition 530 

systems to ensure that majority (> 90%) of droplets fall under a certain category (i.e., ring versus 531 

homogenous distribution).  532 

4.4. Evaporation-Induced Nanoparticle Assembly 533 

In this section, we will explore the CNC assembly in micron-size evaporating droplets. 118, 534 
119 In order to find the link between the dynamics of droplet evaporation and the formation of a 535 

specific pattern upon evaporation, two main parameters are identified: (1) droplet evaporation rate 536 

that is linked to the convective transport of CNC as the droplet edge recedes back during droplet 537 

evaporation; and (2) the Brownian diffusion rate of CNC in water. It has been shown that in the 538 
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absence of other competing mechanisms e.g., external forces, special treatment of the substrate or 539 

solvent, the competition between the convective and diffusive transport of particles dictates the 540 

final pattern after droplet evaporation. 120  The ratio of the convective to diffusive transport of 541 

particles during water evaporation is represented by the non-dimensional Péclet (Pe= r2/Dte) 542 

number, where ‘r’ is the droplet radius, ‘D’ is the particle mass diffusivity in the liquid phase and 543 

‘te’ is the droplet evaporation time. For millimeter-sized droplets, it has been shown 121 that the 544 

ring pattern is typically favored for Pe >1 as the convective rate surpasses the diffusive rate. A 545 

reduction in the Pe, which implies a diffusion-dominated transport, is known to mitigate the ring 546 

formation toward a more uniform particle distribution. 122  547 

Our SMD measurements of the spray suggest that the droplet sizes are below 20 microns for 548 

which measuring the droplet evaporation rate is experimentally very challenging. As an alternative 549 

approach, there are various mathematical and analytical models to calculate the evaporation rate 550 

of a sessile droplet. 123-125 Larson’s model (Eq. 6), which is applicable for semispherical sessile 551 

droplets, is commonly used as one of the most accurate models that has been verified empirically. 552 

123 This model is more accurate when the Bond number is smaller than 0.1 (𝐵𝑜 = 𝜌𝑔𝑅ℎ0𝜎 ) and the 553 

capillary number (𝐶𝑎 = 𝜇𝑢𝑟𝜎 ) is smaller than 1. Bo is the ratio of the gravitational to surface tension 554 

forces and accounts for the initial shape of the droplet whereas Ca is the ratio of viscous to capillary 555 

forces and accounts for deformation of the droplet during evaporation. Here 𝜌, g, R, h0, 𝜎, 𝜇, and 556 

ur are the density, gravitational acceleration, contact line radius, initial droplet height, liquid-air 557 

surface tension, liquid viscosity, and average radial velocity due to evaporation, respectively. We 558 

first compare the experimentally measured evaporation rate for a 1 𝜇l droplet (~ 1 mm in radius) 559 

deposited on a glass substrate with the predictions of the Larson’s model. The evaporation rate has 560 

been measured with a timer at room condition (i.e., 25℃ temperature and ~40% relative humidity). 561 

Comparing the Bo (~0.07) and Ca (O(10-8)) for the largest droplet (i.e., 1mm radius) indicates that 562 

the droplet has a spherical cap shape and satisfies the requirement for using the Larson’s model 563 

(Eq. 6): 564 

 �̇�(𝑡) = −𝜋𝑅𝐷(1 − 𝐻)𝐶𝑣(0.27𝜃 + 1.3), (6) 

where R, D, H, Cv, and 𝜃 are the droplet radius (1mm), water vapor diffusivity (2.42×10-5 
𝑚2𝑠 ), 565 

relative humidity (40%), saturated water vapor concentration126 (23.2 
𝑔𝑚𝑚3), and droplet contact 566 

angle (0.369 rad), respectively. The contact angle is measured on an image that is taken normal to 567 

a back-illuminated droplet deposited on a solid substrate. Larson’s model predicts 709 seconds for 568 

a 1 mm droplet to evaporate and our experimental measurement indicated 718 seconds, which is 569 

in close agreement with the model prediction. The translational diffusion coefficient of CNC in 570 

DI-water measured by DLS for 0.2, 0.5, and 2wt% concentration (Fig. 2) is 7.18×10-12, 6.7×10-12, 571 

and 4.3×10-12 m2/s, respectively. The diffusion coefficient reduces with concentration due to the 572 

packed space hindering the freedom of particles to transport. 127 We use this data along with the 573 

evaporation rate obtained from Larson’s model and droplet sizes captured by the laser diffraction 574 

measurements to calculate Pe.  575 
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Figure 9 shows the calculated Pe as a function of droplet size for different CNC 576 

concentrations. By increasing the droplet size for each concentration, the evaporation time is also 577 

increased while the diffusion coefficient is constant for the same concentration. This results in 578 

higher Pe at higher concentrations. According to Fig. 9, the corresponding Pe for a droplet size of 579 

13 𝜇m is 1.27, 1.37, and 2.13, for 0.2, 0.5, and 2.0 wt% concentration, respectively. Pe >1 indicates 580 

the domination of the convective transport of CNC particles towards the edge of the droplet 581 

induced by the evaporation of DI-water and formation of a ring-shape structure as was depicted in 582 

Fig. 7. Droplets within the 6-8 𝜇m diameter range have an average Pe of 0.7, 0.8, and 1 for 0.2, 583 

0.5, and 2.0 wt% concentration, respectively. These cases where convective and diffusion rates are 584 

almost equal were identified as the transition between ring and dome shape structures in Fig. 6.  585 

It is noted that pure CNC is almost hydrophilic, and thus tends to form a ring. However, 586 

various observed patterns for different concentrations and different droplet sizes imply that in 587 

addition to the particle shape, level of hydrophilicity, the droplet size, and particle mass 588 

concentration also play a role in determining the final pattern. For instance, Fig. 7 showed that for 589 

a 9 µm-droplet, the pattern changed from a ring at 0.2 and 0.5wt% to a disk at 2wt%. Our results 590 

showed that increasing the ratio of mass concentration to droplet size tends to change the pattern 591 

from ring to dome as the particles are captured at the interface between the evaporating liquid and 592 

the surrounding air before they get a chance to accumulate at the droplet periphery and dry as a 593 

dome or disk after liquid evaporation.  594 

 595 

 596 
Figure 9. Peclet number as a function of droplet sizes for different CNC concentrations.  597 

 598 

4.5 Evaluating the Effectiveness of the Nanoparticle Spray Deposition Method 599 

Droplets created by injecting a high-pressure liquid jet toward a substrate in ambient 600 

temperature and pressure can evaporate before reaching the substrate, deposit on the substrate, or 601 
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bounce back from the substrate before depositing their nanoparticle content on the substrate. 602 

Optimizing the distance between the injection orifice and the substrate at different injection 603 

conditions is necessary from two perspectives: (1) to predict and control the evaporation of the 604 

droplets to ensure most of the droplets containing nanoparticles reach the substrate before 605 

evaporation. This is important because if most of the droplets evaporate before reaching the 606 

substrate the nanoparticle content will be dispersed in the surrounding air and wasted; (2) to predict 607 

and control the splashing of the droplets that will affect the nanoparticle content and patterns left 608 

on the substrate. Figure 11 depicts a series of simulations performed to study the behavior of the 609 

spray and the resulting droplets deposited on the substrate. The black color represents the water, 610 

and the gray shows the ambient air. The droplets are observed around the core of the liquid jet due 611 

to the progression of the atomization process. The distance between the nozzle and the substrate 612 

varies from 5 to 30 cm with 5 cm increments and the tested injection pressure is 3, 6, 7.5, and 9 613 

MPa, consistent with the experiments. The nozzle geometry selected for the simulations is 614 

consistent with the experiment (diameter of 125 µm and cone-angle of 6°). For the sake of 615 

consistency, a baseline liquid film thickness of 1 𝜇𝑚 is set and when this thickness is achieved at 616 

any point on the substrate, it is assumed that the spray has reached the substrate. The simulations 617 

are conducted using pure water at room temperature without considering nanoparticles. Since the 618 

concentration of nanoparticles in water is very low in experiments the nanoparticles do not 619 

interfere with the spray behavior.  620 

The spray development is visualized in Fig. 10 for the cases where the substrate is located at 621 

10 cm axial distance from the nozzle and injection pressures are 3, 6, 7.5 and, 9 MPa. As Fig. 10 622 

shows, increasing the injection pressure and increasing the jet momentum results in longer liquid 623 

penetration length, and thus the time taken to reach the substrate and forming the liquid film 624 

decreases from 4.8 to 2.8 ms by increasing the injection pressure from 3 to 9 MPa. The time 625 

required for the spray to reach the substrate is an important factor in designing experiments and 626 

setting up the optimum location of the substrate. Repeating the simulations for the cases that the 627 

substrate was located at 15 and 20 cm with the same injection pressures of Fig. 10 revealed that at 628 

20 cm, less than 1% of the droplets reached the substrate which did not result in formation of a 629 

film with 1 µm thickness. These simulations suggest that the substrate should be placed at an axial 630 

distance less than 20 cm from the nozzle to ensure a liquid film of 1 µm thickness is formed on 631 

the nozzle between 3 ms (for 6, 7.5, and 9 MPa) to 4 ms (for 3 MPa) after the start of injection. 632 

Microscopy images of the assembled CNC structures left on the substrate located at 15 cm are 633 

presented in Fig. 6. 634 

 635 

 636 

 637 

  638 
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Pinj=  3 MPa Pinj=  6 MPa 

      
Pinj= 7.5 MPa Pinj= 9 MPa 

      

t= 2 ms 3 ms 5 ms 2 ms  3 ms 5 ms 
 639 

Figure 10. Computational simulation of spatio-temporal evolution of the spray with different injection 640 
pressures at 10 cm distance from nozzle. The black color represents the injected water and gray 641 

background represents the surrounding ambient air. The scale bar is identical in all images. 642 
 643 

Since droplet evaporation before the spray reaches the substrate is essential in efficiently 644 

delivering the nanomaterial to the substrate it is imperative to calculate the mass of evaporated 645 

droplet as a percentage of the total injected mass as shown in Fig. 11 for different injection 646 

pressures and nozzle-substrate distance. For each injection pressure, increasing the distance 647 

between the nozzle and the substrate increases the evaporated mass. The plots reach a plateau once 648 

the spray reaches the substrate indicating a relatively constant rates of evaporation. It is seen that 649 

for 5 and 10 cm positions, the mass loss due to evaporation of the droplets is in the range of 10-650 

15% and 20-25%, respectively. However, the mass loss reaches 25-30% range for 15 and 20 cm 651 

from the nozzle. These observations suggest that placing the substrate at a distance lower than 20 652 

cm below the injection orifice minimizes the mass loss due to evaporation for the explored pressure 653 

range of 3 to 9 MPa.  654 
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655 

 656 
Figure 11. Temporal variation of the percentage of the mass of evaporated droplets with changes in the 657 

distance from the nozzle to the substrate at different injection pressures. 658 

Figure 12 shows the variation in the percentage of the water mass deposited on the substrate 659 

for different injection pressures for substrate positioned at 5, 10, and 15 cm from the orifice. The 660 

mass of water deposited on a substrate located 5 cm below the injection point is ~ 65% of the total 661 

initial mass upon injection, whereas for a 10 cm distance, 25-30% of its initial mass is deposited. 662 

This suggests that the remaining droplets either evaporated or scattered in the surrounding air 663 

without reaching the substrate. For 20 and 30 cm nozzle-substrate distance not shown in Fig. 12, 664 

the simulations predict negligible droplet deposition on the substrate implying that most of the 665 

droplets have evaporated before reaching the substrate. At each axial location, increasing the 666 

injection pressure results in the delivery of higher portions of the initial mass of droplets to the 667 

substrate. However, there is a slight decrease in the deposited mass at 9 MPa injection pressure for 668 

the 10 and 15 cm cases. This is because 9 MPa injection pressure generates smaller droplets (as is 669 

shown in Fig. 4 and 5) which are more prone to evaporation before reaching the substrate. These 670 

results suggest that 6 and 7 MPa injection pressures are more appropriate for optimum spray 671 

deposition as droplets have large enough momentum to reach the substrate yet the mass of 672 

evaporated droplets is smaller than the 9 MPa case before reaching the target substrate. Satisfying 673 
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these two conditions ensures more efficient delivery of the nanoparticles. In addition, comparing 674 

the experimental measurements of SMD at 7.5 MPa (Figs. 4 and 5) demonstrated a more uniform 675 

and smaller droplet size distribution.  676 

 677 

 678 
Figure 12. Temporal variations of the mass of water added to the substrate with the change in injection 679 

pressures for 5, 10 and 15 cm distance between the nozzle and the substrate. 680 

The droplet bounce-back upon contact with the substrate is another important factor that affects 681 

the effectiveness of the nanoparticle deposition on the substrate. Figure 13 represents the water 682 

loss due to splashing from the substrate for axial distances of 5 and 10 cm. As expected, the 683 

percentage of the liquid mass bounced back into the surroundings (~ 0.5-1%) is higher at 5 cm 684 

where the droplets have a higher momentum upon interacting with the substrate. The mass of 685 

bounced droplets at 15 and 20 cm distance are negligible, hence not depicted here. Increasing the 686 

injection pressure to 9 MPa results in higher splashing at the film interface as the droplets gain a 687 

higher momentum upon injection. While positioning the substrate closer to the nozzle may not 688 

seem ideal for a stable film formation due to increased splashing, the percentage of droplets that 689 

are lost due to the bounce-back effect is much lower than the evaporation mass loss (1% versus 690 

20%).  691 

Moreover, the higher number of bounced droplets will lead to higher film spread. This happens 692 

when the droplets that have already bounced from the substrate lose momentum and fall back on 693 

the substrate. The temporal variation of the surface coverage and iso-scales of the covered area by 694 

the spray are depicted Fig. 14. The film area calculated for 5 cm distance between the nozzle and 695 

substrate (colored with a film thickness of 0.01 µm) is larger due to enhanced splashing and 696 

subsequent deposition. This eventually leads to higher deposition of nanoparticles and a larger film 697 

front where the nanoparticles accumulate. It can also be seen that there is no deposition for 10 cm 698 

case at 2 ms due to larger distance between nozzle and substrate as compared to the 5 cm case. 699 

Considering different behaviors of droplets (evaporation, deposition, bounce-back) relative to the 700 

axial distance of the substrate observed from simulations, it is concluded that a location between 701 

10-15 cm below the nozzle and 7.5 MPa injection pressure results in a more effective and uniform 702 

nanoparticle deposition 703 
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 704 
 705 

Figure 13. Temporal variations of the percentage of the mass of bounced droplets from the substrate with 706 
injection pressure for 5 and 10 cm distance between the nozzle and the substrate. 707 

 708 

  709 
Figure 14. Temporal variation of the surface covered on the substrate by the film formed due to droplet 710 
deposition for 5 and 10 cm distance between the nozzle and the substrate at 7.5 MPa injection pressure: 711 
(a) percentage of the substrate surface covered, (b) iso-scales depicting droplet deposition of over 0.01 712 
µm film thickness   713 

 714 

Summary and Conclusions 715 

In this study, we designed and built a novel nanoparticle spray deposition system that 716 

utilizes supercritical CO2 to assist the atomization process and create uniform micron-size CNC-717 

carrier aqueous droplets and deposit them onto the substrate to form tailored nanostructures upon 718 

evaporation of water. The effect of spray parameters on formation of droplets were studied 719 

numerically and experimentally. The main conclusions from this work can be summarized as 720 

follows: 721 
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 722 

1. Supercritical CO2-assisted atomization sparks two concurrent mechanisms to boost liquid 723 

atomization: reducing the liquid surface tension and enhancing CO2 dissolution in water. 724 

The combined effect results in the formation of fine droplets with a narrow size distribution 725 

that can be used as nanoparticle-carrier droplets.  726 

2. Laser diffraction measurement of SMD shows that in general, increasing the injection 727 

pressure, GLR, and axial distance from the injection orifice results in the creation of 728 

smaller droplets. In addition, increasing the concentration of CNC in the injection mixture 729 

increases the overall size of the carrier droplets.  730 

3. However, increasing the injection pressure above the critical pressure of the CO2-water 731 

mixture (i.e., 7.5 MPa) and increasing the GLR do not noticeably decrease the droplet sizes. 732 

This means there is no need for extremely high pressures or excessive amount of assisting 733 

gas to create micron-sized droplets.  734 

4. Microscopic visualization of the assembled nanoparticles on the substrates illustrates that 735 

morphology of nanostructures falls into three main categories: (1) ring-shape pattern, 736 

where the majority of nanoparticles accumulate along the edge of the evaporating droplet, 737 

(2) homogenous distribution or disk pattern, where particles scatter more uniformly across 738 

the surface area of the evaporating droplet, and (3) transition stage, where there is still a 739 

distinct ring-shape structure yet some particles are scattered within the edges of the 740 

evaporating droplet. 741 

5. The profilometry height measurements combined with micrographs provide a 3D 742 

visualization of the assembled nanostructure and show that they either form a ring, disk, or 743 

dome-shaped architecture. Increasing the mass concentration to droplet size ratio shifts the 744 

morphology of assembled nanoparticles from ring to dome as the particles are trapped at 745 

the liquid-air interface before they get a chance to move towards the edge of the droplet. 746 

6. For each CNC concentration and regardless of the injection pressure, there is a droplet size 747 

threshold range above which the assembled nanostructures exhibit a ring pattern and below 748 

that they exhibit a homogenous distribution. For concentration of 0.2wt%, the lower and 749 

upper bounds of the threshold are 5.5 and 7.5 𝜇𝑚, respectively while for 2wt% CNC 750 

concentration these values increase to 9.5 𝜇𝑚 and 11.5 𝜇𝑚, respectively. 751 

7. The injection pressure on the other hand dictates the size of the majority of droplets within 752 

the spray plume and can be used to design a system where the bulk of droplets fall under 753 

one of the identified nanostructure patterns. 754 

8. The size of the carrier droplets strictly influences the evaporation rate of solvent in particle-755 

carrier droplets upon deposition on the substrate. The evaporation rate in turn, affects the 756 

prevalence of convective to diffusive transport of particles that is represented by Peclet 757 

number.  758 

9. The evaporation time is prolonged by increasing the droplet size for each concentration, 759 

which results in Pe >1 that indicates the higher rate of convective transport of particles to 760 

diffusive transport leading to accumulation of particles along the periphery of the droplet 761 
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and formation of a ring-shaped structure. At Pe <1 where the diffusive movement of CNCs 762 

is dominant, a dome-shaped structure is formed for all tested concentrations. At Pe ~1, 763 

droplets fall in the transitional region where both ring and dome-shaped structures are 764 

observed.  765 

10. Computational simulations show that considering different droplet behavior interacting 766 

with the substrate (evaporation, deposition, bounce-back) versus the injection pressure and 767 

axial distance between the substrate and nozzle, positioning the substrate at 10 or 15 cm 768 

below the nozzle and 7.5 MPa injection pressure result in a more effective and uniform 769 

nanoparticle deposition. 770 
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Appendix I 783 

 784 

Splashed mass ratio that is the mass ratio for the incident droplet mass to the splashed droplet mass 785 

is calculated as below which is dependent on 𝑢. 786 

 𝑀𝑟𝑎𝑡𝑖𝑜 = −27.2 + 3.15𝑢 − 0.116𝑢2 + 0.0014𝑢3 

 

(12) 

 

Where, 𝑢 = 𝑉𝑛𝑑 (𝜌𝜎)1/4 𝑣−1/8𝑓−3/8 (13) 

 

The position of the droplets can be calculated using the velocity of the droplets splashed into the 787 

domain. This helps in predicting the film flow towards the edges. The Weibull distribution for 788 

velocity is dependent on the impingement angle for the normal component. The following 789 

equations help resolve the velocity: 790 

 𝑃𝑑𝑓𝑖 (𝑉𝑛𝑖𝑉𝑛𝑑) = ( 𝑏𝑣𝜃𝑣 (
𝑉𝑛𝑖𝑉𝑛𝑑𝜃𝑣 )

𝑏𝑣−1
) exp ( 

 −( 𝑉𝑛𝑖𝑉𝑛𝑑𝜃𝑣 )) 
 𝑏𝑣

 

 

 

 

(14) 

 

where, 𝑏𝑣 = 2.1 when 𝜃𝑖≤50° and 𝑏𝑣 = 1.10 + 0.020𝜃𝑖 when 𝜃𝑖≥50°. Also, 𝜃𝑣 = 0.158𝑒0.017𝜃𝑖 𝜃𝑖 791 

is the impingement angle. The splashed drop refection angle is calculated as 𝜃𝑠 = 65.4 + 0.266𝜃𝑖 792 

 𝑉𝜏𝑖 = 𝑉𝑛𝑖𝑡𝑎𝑛𝜃𝑠 ;  𝑉𝑛𝑖′ = √𝐾𝑉𝑛𝑖;  𝑉𝜏𝑖′ = √𝐾𝑉𝜏𝑖 
 

 

(15) 

 

 𝐾 =  12𝑚𝑑𝑣𝑑2 + 𝜋𝜎𝑁𝑑𝑑𝑑2 − 12𝑚𝑑𝑣𝑠212∑ 𝑚𝑖𝑣𝑖2𝑁𝑝𝑎𝑟𝑐𝑒𝑙𝑖=1 + 𝜋𝜎∑ 𝑁𝑖𝑑𝑖2𝑁𝑝𝑎𝑟𝑐𝑒𝑙𝑖=1  

 

 

 

(16) 

 

Here, 𝑉𝑛𝑖 and 𝑉𝑛𝑑 are the splashed and incoming drop velocities. Where, 𝑉𝑠 = 18 (𝜎𝜌)1/4 𝑣1/8𝑓3/8 793 

and frequency of the first drop is 𝑓 = 𝑉𝑛𝑑𝑋𝐶𝐹𝐷 𝑐𝑒𝑙𝑙 794 

Finally, the splashed droplet diameter which determines number of particles in each parcel is 795 

defined below. A Weibull distribution shown below is used for the calculation of the splashed drop 796 

diameter: 797 

 𝑃𝑑𝑓𝑖 (𝑑𝑛𝑖𝑑𝑛𝑑) = ( 𝑏𝜃𝑤 (
𝑑𝑖𝑑𝑑𝜃𝑤)

𝑏−1
) 𝑒𝑥𝑝 ( 

 −( 𝑑𝑖𝑑𝑑𝜃𝑤)) 
 𝑏

 

 

 

(17) 
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where, 𝑏 = 2.71 − (9.25 ∗ 10−4)𝑊𝑒 and 𝜃𝑤 = 0.210 − (7.69 ∗ 10−5)𝑊𝑒. Also, 𝑑𝑖 and 𝑑𝑑 are 798 

splashed and incoming drop diameters, respectively. The number of particles for the ith parcel is 799 𝑁𝑖 = 𝑁𝑡𝑜𝑡𝑝𝑑𝑓𝑖 and 𝑁𝑡𝑜𝑡 is the total number of splashed particles calculated by the following 800 

equation: 801 

 𝜋6 𝑁𝑡𝑜𝑡 ∑ (𝑝𝑑𝑓𝑖𝑁𝑝𝑎𝑟𝑐𝑒𝑙
𝑖=1 𝑑𝑖3) = 𝑚𝑠𝑚𝑑𝑚𝑑𝑑  

 

 

(18) 

 

𝑀𝑟𝑎𝑡𝑖𝑜 = −27.2 + 3.15𝑢 − 0.116𝑢2 + 0.0014𝑢3𝑢 = 𝑉𝑛𝑑 (𝜌𝜎)1/4 𝑣−1/8𝑓−3/8𝑃𝑑𝑓𝑖 (𝑉𝑛𝑖𝑉𝑛𝑑)802 

= ( 𝑏𝑣𝜃𝑣 (
𝑉𝑛𝑖𝑉𝑛𝑑𝜃𝑣 )

𝑏𝑣−1
) exp ( 

 −( 𝑉𝑛𝑖𝑉𝑛𝑑𝜃𝑣 )) 
 𝑏𝑣 𝑉𝜏𝑖 = 𝑉𝑛𝑖𝑡𝑎𝑛𝜃𝑠 ;  𝑉𝑛𝑖′ = √𝐾𝑉𝑛𝑖;  𝑉𝜏𝑖′803 

= √𝐾𝑉𝜏𝑖𝐾 =  12𝑚𝑑𝑣𝑑2 + 𝜋𝜎𝑁𝑑𝑑𝑑2 − 12𝑚𝑑𝑣𝑠212∑ 𝑚𝑖𝑣𝑖2𝑁𝑝𝑎𝑟𝑐𝑒𝑙𝑖=1 + 𝜋𝜎∑ 𝑁𝑖𝑑𝑖2𝑁𝑝𝑎𝑟𝑐𝑒𝑙𝑖=1 𝑃𝑑𝑓𝑖 (𝑑𝑛𝑖𝑑𝑛𝑑)804 

= ( 𝑏𝜃𝑤 (
𝑑𝑖𝑑𝑑𝜃𝑤)

𝑏−1
) 𝑒𝑥𝑝 ( 

 −( 𝑑𝑖𝑑𝑑𝜃𝑤)) 
 𝑏 𝜋6 𝑁𝑡𝑜𝑡 ∑ (𝑝𝑑𝑓𝑖𝑁𝑝𝑎𝑟𝑐𝑒𝑙

𝑖=1 𝑑𝑖3) = 𝑚𝑠𝑚𝑑𝑚𝑑𝑑  805 

 𝑉𝜏𝑑′ = 57𝑉𝜏𝑑 

 

(7) 

 

 𝑉𝑛𝑑′ = 57𝑉𝑛𝑑 

 

(8) 

 

 𝑒 = 0.993 − 1.76𝜃𝐼 + 1.56𝜃𝐼2 − 0.49𝜃𝐼3 

 

(9) 

 

 𝜑 = − 𝜋𝛽 ln (1 − 𝑝(1 − 𝑒−𝛽)) 
 

(10) 

 

where 𝑝 is in the [0,1] range and 𝛽 is given by the following equation: 806 

 𝑠𝑖𝑛𝛼 =  (𝑒𝛽 + 1𝑒𝛽 − 1) 11 + (𝜋 𝛽⁄ )2 

 

(11) 

 

where α is the wall inclination angle measured from wall normal.  807 
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