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ABSTRACT 

Surfaces with rose petal like properties, simultaneously exhibiting a high degree of 

hydrophobicity and a high adhesion to water, were prepared by spray coating of progressively smaller 

hydrophilic silica particles along with hydrophobic nanofibers onto surfaces of interest. Various polymer 

structures were achieved by tuning the spray coating flow rates during deposition of the polymer 

nanofibers and silica particles. At a reduced flow rate, polystyrene fibers were formed with diameters of 

less than 100 nm. Water contact angles (WCAs) of coatings prepared from the hierarchical assemblies of 

silica particles blended with polystyrene nanofibers were greater than 110°. Coatings prepared from the 

hierarchical assemblies either with or without incorporation of the polymer nanofibers pinned water 

droplets to their surfaces even after inverting the substrates, similar to the properties of a rose petal. 

Hierarchical coatings of silica particles without the polystyrene nanofibers also exhibited a high adhesion 

to water, pinning at least 30% more water on its surfaces. Conversely, hierarchical coatings containing the 

polystyrene nanofibers exhibited an increased water mobility across their surfaces. Further water retention 

experiments were performed to determine the ability of the different coatings to efficiently condense 

water vapor, as well as their efficiency to remove this condensed liquid from their surfaces. Both types of 

hierarchical coatings exhibited an excellent ability to retain water at a low humidity, while establishing a 

self-limiting condition for retaining water at a high humidity. These coatings could be prepared on a 

relatively large-scale and with a relatively low cost on the surfaces of a variety of materials to enhance 

their water resistance, water retention and/or ability to condense water vapor.  
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INTRODUCTION 

One of the more interesting characteristics of microstructured surface textures observed in nature 

are those of rose petals. The surfaces of rose petals exhibit a strong hydrophobicity, while simultaneously 

displaying a high adhesion to water droplets even when the surfaces are inverted by 180 degrees. Rose 

petal surfaces contain distinct features with dimensions that can be classified on at least two different 

scales (1-13). The hierarchical roughness of these surfaces enables water droplets to penetrate into the 

void spaces between the larger, microscale structures while limiting further wetting and penetration of 

water into the surfaces with the inclusion of nanoscale hydrophobic features (3-9). The wetting properties 

of rose petal surfaces is a delicate balance between the Cassie-Baxter state (14) — where a water droplet 

is supported on surfaces with entrapped air pockets — and the Wenzel state (15) — where a water droplet 

is fully wetting the surfaces.  

 The wetting properties of microstructured surfaces are of widespread interest for their self-

cleaning (16, 17, 18), anti-reflection (19, 20), and fluid drag reduction (21) properties. These 

characteristics of surface coatings can be achieved through chemical modifications (22, 23) and/or the 

addition of microstructures (6-10, 24, 25). Many natural biological materials, such as lotus leaves (26), 

water strider legs (27), and avian feathers (28, 29), possess specialized water repelling surfaces. 

Variations in surface micro- and nanostructures can further transform hydrophobic surfaces into adhesive 

materials that have similar properties and structures as a gecko’s foot (30, 31), and a spider’s leg (32).  

 Applications in creating surfaces with an enhanced water resistance, improved capability of 

collecting water, and/or proficiency in maintaining moisture has inspired many researchers to prepare rose 

petal like surfaces. Many studies have demonstrated that the opposing water wetting states, namely 

hydrophobicity and hydrophilicity, of surfaces can be tuned by varying the dimensions of micro- and 

nanostructures (2-12). One method for preparing surfaces with well-defined structures uses reactive ion 

etching to prepare regular arrays of cylindrical silicon nanopillars (12). By tuning the reaction conditions, 

silicon protrusions can be created with conical or pyramidal asperities and average heights of ~10 

micrometers and can be further tuned to mimic hierarchical structures (33). Structured surfaces prepared 
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by this semiconductor fabrication process can achieve very high water contact angles (WCAs) of ~150 

degrees, and exhibit a high adhesion for water droplets even when the substrate was inverted. 

Nanoimprint lithography has also been used to prepare surfaces with the desired water wetting and 

adhesion properties. Some examples include the use of biological templates and nanoimprint lithography 

with lotus leaves, butterfly wings, and rose petals (34-37). However, each of these techniques are 

relatively expensive due to the required equipment. To reduce costs, researchers have used relatively 

inexpensive materials, such as vapor deposited polystyrene nanopillars (38), parylene nanofibrillar 

structures (39),  plasma etched and structured polydimethylsiloxane films (40), hydrothermally deposited 

antimony oxide films (41), and zinc oxide nanorods (42) to mimic rose petal like surfaces. Although these 

methods are relatively inexpensive, the surface areas coated by each process are still limited by equipment 

constraints. For example, the size of the chambers for vapor deposition or plasma etching will ultimately 

limit the maximum dimensions of the coated surfaces. There are still further challenges to apply these 

methods and materials to modifying larger areas and other surfaces, such as the exteriors of buildings or 

interior walls, for the purposes of managing water retention and transport.   

 In this study, we pursue a relatively inexpensive method for preparing rose petal inspired 

surfaces. A simple and quick method was developed to prepare coatings on a variety of substrates that 

combined spray coating of silica particles with the simultaneous formation of nanofibers from a 

polystyrene binder. These spray coating techniques could be extended to prepare coatings that cover 

relatively large areas. Coatings were prepared in a layer-by-layer fashion with a decreasing size of silica 

particles with increasing thickness. These hierarchically assembled coatings of silica particles with the 

inclusion of polymer nanofibers exhibited a large WCA hysteresis that is a distinguishing characteristic of 

rose petal surfaces. By tuning the conditions for deposition of the silica particles and polymer binder, the 

surface topographies were further tuned to increase or decrease their hydrophobicity while retaining a 

relatively high adhesion to water when inverted. Through the development of the techniques outlined in 

this study, rose petal inspired surfaces for potential use in interior or exterior environments could be 
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pursued on a relatively large scale as required for a variety of applications in the management of water 

adhesion and/or transport.  

 

MATERIALS AND METHODS 

Preparation of Structured Surfaces.  Two types of silica particles, smaller particles (200 mesh particles 

with measured diameters between 1 and 250 m) and larger particles (40 mesh particles with measured 

diameters below 500 m), were purchased from Mallinckrodt Silica AR® and B. Braun Melsungen AG, 

respectively. Polystyrene (45,000 M.W.) that was used as a binding agent for these silica particles was 

purchased from Sigma-Aldrich. These materials were spray coated using an airbrush coater (Crescendo 

175®) purchased from Badger Air-Brush Company. All solvents used in this study were purchased from 

Sigma-Aldrich. The solutions prepared for spray coating contained mixtures of silica particles and 

polystyrene binder suspended in toluene. These mixtures were deposited by spray coating onto flat glass 

substrates from a distance of 30 cm while tuning the air flow parameters (with ranges tuned between 2.4 

and 12 mL/min) to achieve different surface topographies. Glass microscope slides were chosen as the 

test substrate for these studies because they are relatively smooth and flat, ensuring consistency in sample 

preparation and characterization between samples (e.g., WCA measurements). This technique can be 

extended to directly coat non-porous surfaces (i.e. polymers, or polymer coated panels) or porous surfaces 

(e.g., concrete, or cellulose based fiber boards) that are first sealed with a thin coating of polymer. The 

solution of polystyrene binder was prepared by dissolving polystyrene at 30 % (w/v) into toluene.  

The silica particles were mixed with the binder solution in a 1:9 ratio (w/w) of silica to binder 

solution. This mixture was first agitated by repeatedly withdrawing and dispensing the solution (at least 

10 times) with a glass Pasteur pipette and subsequently used in the spray coating process. The nozzle of 

the spray coater was held at a distance of 30 cm from a vertically mounted substrate, and the spray coater 

pressurized with nitrogen gas (99.995%) at 20 psi. The distance of 30 cm was chosen based on a 

systematic investigation into the degree of solvent residue in the spray coated films, which influenced 



  Colloids and Surfaces A: Physicochemical and Engineering Aspects 

 

6 

 

their adhesion to the surfaces and the desired topographies, as well as the uniformity and area of coverage 

achieved during the spray coating process. To prepare the hierarchical structures, the reservoir of the 

spray coater was first loaded with a 2 mL solution of the larger silica particles suspended in toluene, 

which was deposited onto the target substrates at a flow rate of 12 mL/min. This step was followed by 

spray coating a solution containing the smaller diameter silica particles using identical deposition 

conditions. An additional drying step of at least 10 min was included between depositing each layer of the 

coating. To prepare coatings that contained nanoscale fibers of polystyrene, spray coating procedures 

were used that were akin to those used in preparing the hierarchical structures. This method was modified 

to include a reduced flow rate of ~2.4 mL/min when preparing each layer during the spray coating 

process. Coatings were also prepared that contained only a solution of dissolved polystyrene or a 

suspension of one type of silica particles as control samples for comparison with these two different types 

of hierarchical structures (i.e. those with and without the inclusion of polystyrene nanofibers).  

 

Characterization of Structured Surfaces.  The structured coatings prepared in these studies were 

characterized using optical microscopy, scanning electron microscopy (SEM), and water contact angle 

(WCA) measurements. The topographies of and structures within the as-prepared surfaces were examined 

using a Carl Zeiss Axio Imager M1m optical microscope, or an FEITM Helios NanoLab DualBeamTM 

SEM operating with an accelerating voltage of 1 kV and with a potential of 1 kV applied to the sample 

stage to minimize sample charging. To determine the properties of these surfaces for the adhesion, 

retention and overall management of water, a series of WCA measurements were performed on images 

obtained when various aliquots of 18 MΩ-cm deionized water (volumes ranging from 10 to 100 L) were 

applied to the structured surfaces. These WCA analyses were obtained for substrates held at a series of 

pre-defined tilt angles that included 0, 45, and 180 degrees. Images depicting a profile view of the 

samples during these tests with an increasing volume of water aliquoted onto their structured surfaces 

were captured with a Canon® PowerShot S110, and their water contact angles determined using Adobe 

Photoshop CS.  
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RESULTS AND DISCUSSION 

Rose petal inspired surfaces were prepared by creating structured surfaces from the deposition of 

mixtures of silica particles and a polystyrene binder by scalable spray coating processes. Structures 

contained within these coatings were analyzed by optical microscopy and SEM. The water management 

properties of these modified surfaces were assessed through a series of WCA measurements for different 

water droplet volumes monitored over a range of substrate tilt angles. These studies demonstrate the spray 

coating parameters necessary to prepare a variety of structured surfaces for controlling the management of 

water, such as promoting adhesion and controlling the retention and penetration of water on these 

surfaces.  

 

Surface Topographies 

 The topographies of the structured surfaces prepared by spray coating were tuned to produce 

hierarchically assembled coatings of silica particles, as well as hierarchical structures with inclusions of 

polystyrene nanofibers. The SEM analysis of these samples indicated that the outer-most surfaces of the 

hierarchically assembled structures deposited by spray coating mixtures of silica and polystyrene at a rate 

of 12 mL/min contained primarily particles with diameters from 7 to 23 m (Figure 1a). Decreasing the 

rate of solvent consumption during spray coating to 2.4 mL/min, the top most layer of the final coating 

contained predominately silica particles with diameters from 1 to 10 m (Figure 1b). Furthermore, the 

later sample contained silica particles entangled within a fibrous network of polystyrene. These 

nanofibers had diameters between 50 and 150 nm with lengths of several micrometers (Figures 1b and 

1c). The discrepancy between the minimum feature sizes within these two types of hierarchically 

assembled samples was attributed to the influences of changing the rate of solution consumption during 

spray deposition on the final topography and composition of the coatings. It is possible that the smaller 

silica particles, with diameters less than 10 m, were preferentially incorporated into the polystyrene 
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binder within the less turbulent flow at the lower flow rates (2.4 mL/min). Other possibilities are that the 

portion of silica particles reaching the samples were separated by size within the spray stream either due 

to turbulent flow at higher flow rates, or that there was an insufficient momentum at lower flow rates to 

carry the larger particles over the 30 cm distance of separation between the spray nozzle and the target 

substrates. Alternatively, coating the substrates at high flow rates could result in an insufficient 

evaporation of the solvent (toluene) before coating the substrate, where the residual solvent could induce 

reorganization and clustering of the smaller silica particles during the process of solvent evaporation.  

Polystyrene nanofibers were incorporated into the layers of silica particles as a result of the 

decreased rate of solvent consumption during the spray coating process. This adjustment minimized 

solvent induced clustering of the smaller silica particles, but also resulted in the near complete 

evaporation of toluene from the polystyrene binder before it reached the target substrate. The SEM 

analysis indicated that the polymer nanofibers extend radially from the silica particles achieving 

maximum lengths of ~25 m and either self-terminated or terminated by bridging between neighboring 

silica particles (Figure 1c). The presence of the silica particles aided the formation of the polymer 

nanofibers. Each silica particle served as an anchor point and structural support for the formation of 

multiple polystyrene nanofibers during solvent evaporation. Similar fibrous structures of polymer have 

been previously prepared by electrospinning and electrospraying methods (43, 44). However, the method 

demonstrated herein produced polymer nanofibers of similar dimensions using a relatively simple setup 

and readily available, off-the-shelf equipment. Surface coatings prepared from a network of fibrous 

structures—such as assemblies of nanowires (45, 44) and chemically etched silicon dioxide (12) and 

polydimethylsiloxane films (40) —can greatly increase the hydrophobicity of a material. These fibrous 

structures reduce the surface area in contact with a water droplet and retain trapped pockets of air within 

the interconnecting fibrous network. The water management properties of the coatings prepared from 

spray coating of silica and polystyrene were further investigated through a series of WCA measurements. 
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Static WCA Measurements 

  Static WCA measurements were performed to assess the water management properties of the 

structured surfaces. Droplets of deionized water (10 L) were placed in random locations across the test 

surfaces for the WCA measurements. These measurements were performed while keeping each of the 

substrates flat (Figure 2). The WCA values were also measured for a series of control samples. These 

samples were prepared by spray coating separate films of only polystyrene, the smaller silica particles 

with polystyrene binder, and the larger silica particles with polystyrene binder. The average WCA values 

for these controls were 43, 87, and 97 degrees, respectively. In contrast, samples prepared from the 

hierarchical assembly of silica particles had a WCA value of 106 degrees, and samples of hierarchically 

assembled silica particles with the inclusion of polystyrene nanofibers had a WCA value of 111 degrees. 

However, due to the high degree of surface roughness and the dielectric properties of these structured 

coatings, it is challenging to determine the exact interface between the water droplet and the substrate 

(Figure 2). Therefore, the WCA measurements are likely underestimated for all samples. Polystyrene 

dissolved into the toluene solutions was used as the binding agent for each of the samples. The differences 

in the measured WCA values were attributed to variations in the topography and structure of these 

coatings.  

Super-hydrophobic properties can be obtained by creating rough surfaces through assembly 

processes or other methods of preparing hierarchical structures (43). In our study, both types of 

hierarchical coatings prepared from the assemblies of silica particles, either with or without polystyrene 

nanofibers, exhibited higher WCA values than the surfaces that were comprised of only a single type of 

silica particle (i.e. either large or small diameter particles). The coatings containing only the smaller silica 

particles and the polystyrene binder had a larger relative surface-area-to-volume ratio and, therefore, more 

potential points of contact with the water droplets. These surfaces exhibited the smallest WCAs of all the 

samples. Substrates coated with only the larger silica particles and polystyrene binder had a surface 

topology that hindered water infiltration and trapped pockets of air within their structures, resulting in 

progressively larger WCAs. All coatings containing the larger silica particles and polystyrene binder 
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exhibited hydrophobic WCA values (> 90°). However, the WCA values of these samples cannot be 

accurately determined due to the significant increase in roughness of these coatings (Figure 2). The WCA 

values for all of the samples containing larger silica particles were potentially underestimated and 

required further investigation.  

To better understand the homogeneity and quality of our coatings, further WCA measurements 

were performed by increasing the volume of water within the applied droplets. These measurements were 

performed using the same conditions as mentioned above, but the water droplet volumes were increased 

in 10 L increments from 10 to 100 L. Coatings containing a single type of silica particles (e.g., only 

larger or smaller diameter particles) exhibited relatively consistent WCA values with increasing droplet 

volume (Figure 3). Due to the relatively uniform roughness and topology of these coatings, their water 

management properties were also fairly consistent across all applied volumes of water. Surface coatings 

that contained hierarchical structures prepared from progressively smaller silica particles exhibited a more 

significant variation in their measured WCA values at smaller droplet volumes. The WCA values for 

these samples did, however, reach a more consistent value when the volume of the water droplet was 

increased above 40 L (i.e. critical volume for WCA stabilization on these surfaces). The average lateral 

separation of the tallest features in these hierarchical coatings was ~0.5 mm (Figure S1). The larger 

variations in WCA values (~20 to 25%) were observed for water droplet volumes below 40 L, which 

could be attributed to a significant influence of the lateral variation in features on the contact area of the 

smaller water droplets. The hierarchical assemblies of silica particles that contained polystyrene 

nanofibers exhibited an average separation of ~1 mm between some its tallest features (Figure S1). The 

WCA values of this sample increased as the droplet volume increased above 60 L. Variation in the 

WCA values also significantly decreased for droplets above 60 L as the dimensions of the droplets were 

sufficiently larger than the average separation of the tallest features within these assembled coatings. A 

larger portion of the water droplet was, therefore, in contact with the polystyrene nanofibers at these 

larger droplet volumes, which trapped a more consistent volume of air within the porous network of the 
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assemblies and exhibited more consistent WCA values. We also observed that the water droplets adhered 

more strongly to the hierarchical structures at smaller water droplet volumes. These volume dependent 

WCA properties of the assembled coatings were, however, not observed when inverting the substrates 

(Figure S2). The surfaces prepared from hierarchical assemblies of silica (both with and without the 

polymer nanofibers) retained around 40 L before the droplet released from its surfaces. This difference 

in behavior observed with increasing droplet volume for the inverted sample can be attributed to a 

relatively consistent contact area between the droplet and the structured surfaces. The water droplet 

reaches a critical volume before gravity pulls the droplet away from the inverted surfaces. Further insight 

into the interactions between the water droplets and the hierarchically assembled coatings was sought 

through pseudo dynamic WCA measurements.   

 

Pseudo Dynamic WCA Measurements 

 Each of the hierarchical samples prepared by spray coating demonstrated similar properties to a 

rose petal. These coatings were able to pin water droplets to their surfaces and demonstrated a strong 

adhesion to water, yet at the same time, the water droplets were able to roll freely on the surfaces of these 

coatings. The water droplets adhered strongly to the structured coatings even when the substrates were 

oriented in either a vertical or inverted orientation (Figures S2 and S3). These WCA experiments 

demonstrated an inversely proportional relationship between the adhesion of the water and increases in 

the volume of applied water applied to the surfaces.  

Previous investigations have tried to quantify the hysteresis between the advancing and receding 

WCAs for rose petal and rose petal-like surfaces. However, the strong adhesion of the water droplets to 

the structured surfaces resulted in a deformation of the receding water droplets with apparent WCA 

values of ~90° (12, 13, 42). To better assess the adhesion of the water droplets and the hysteresis in the 

WCAs for our samples prepared by spray coating, we performed the WCA measurements on substrates 

held at a consistent 45° tilt relative to the horizontal axis. The advancing and receding WCA values were 
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simultaneously measured for these samples from a series of images that depicted the side profile of these 

surfaces (Figure S4). The WCA hysteresis measured for the samples prepared from either the smaller or 

larger silica particles were 30 and 25, respectively, when measured for a 10 L water droplet at an angle 

of 45° (Figure 4). In contrast, the hierarchical assemblies of silica particles both with and without the 

inclusion of polystyrene nanofibers exhibited a hysteresis of 40 degrees (Figure 4). To further investigate 

surface adhesion of water, the volume of the applied water droplets were further increased to determine 

the critical volume that was required before the surface becomes more hydrophobic (with a reduced 

fraction in contact with the surfaces) such that the water droplet becomes mobile and rolls freely off the 

substrate. Each experiment started with a pinned water droplet (i.e. a state of high water adhesion), the 

volume was then increased in 10 L increments. This process ends when the droplets roll freely off the 

coated substrate (i.e. a state of low water adhesion), ultimately traveling a distance of ~2 cm. The 

receding WCAs progressively decreased to a critical angle of ~40° for all samples with increasing water 

volume; this critical angle was consistently observed for all samples as the minimum WCA before the 

water droplet would roll off each of the coated surfaces. Those surfaces coated with only the smaller or 

larger silica particles reached this critical water droplet volumes of 60 and 40 L, respectively, before 

becoming freely mobile. These samples did, however, maintain advancing WCAs of ~100° throughout 

the course of these studies (i.e. for the duration of all WCA measurements with a progressively increasing 

droplet volume prior to the point of roll off). The hierarchical assemblies of silica particles with and 

without the incorporation of polystyrene fibers exhibited roll off at water droplet volumes of 30 and 80 

L, respectively. Without the incorporation of the nanofibers, the hierarchical structure was able to pin at 

least 30% more water (by volume) onto its surfaces when compared to the control samples. With the 

inclusion of nanofibers, the surface becomes more hydrophobic, requiring 25% less water (by volume) 

than the control samples before the droplet becomes mobile on the surface. Both of these hierarchical 

structured surfaces maintained advancing WCAs of ~120° over the course of these experiments, retaining 

rose petal-like properties until reaching a critical volume.   
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The hierarchical structure of silica particles without the polymer nanofibers demonstrated a stronger 

adhesion to the water droplets in comparison to any of the other samples, including those prepared from 

either the smaller or larger silica particles alone. This increased adhesion of water for these hierarchical 

coatings makes these structures an excellent candidate for surfaces to be used in applications that require 

a well-maintained humidity, such as within air plane cabins and greenhouses (46, 47). In contrast, the 

hierarchical structures that incorporated the polystyrene nanofibers, where water droplet mobility was 

observed to be proportional to the increased volume of the water droplets, could be used to efficiently 

capture water through a process of condensation and roll-off. Potential applications for these materials 

could include capturing water from fog or other humid conditions, converting the condensed water into a 

source of water (48, 49).  

 

Water Retention Measurements 

 To further demonstrate a potential application of these coatings with their tunable wetting 

properties, a water retention experiment was performed to assess their abilities to condense water vapor. 

The coated samples were placed inside an enclosed chamber along with a dish of boiling water. The 

samples were removed from the chamber and weighed at 15, 30, or 60 min intervals. After the completion 

of a 60 min interval, the samples were removed from the chamber, air dried for >1 h, and placed back into 

the chamber after changing their location and rotating the orientation of the substrates. Each experiment 

was performed at least 3 times for statistical consistency. The resulting weight of the water gained by 

each sample was normalized against the water retained by a planar film of polystyrene (Figure 5).  

 The structured films exhibited a distinct trend in their ability to condense and retain water. At a 

relatively short exposure to water vapor, all of the structured coatings retained more water than the planar 

polymer standard. The hierarchical structure with incorporated polymer nanofibers retaining 4 times as 

much water as the planar polystyrene film. This characteristic may be due to the surface area 

enhancement of the coatings containing micro- and nanostructures. However, as the duration of exposure 

to water vapor increased, the planar films began to exhibit a greater ability to retain surface water in 
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contrast to the structured coatings that exhibited an increased ability to remove water droplets from their 

surfaces over time (Figure 5). This observation is consistent with the pseudo dynamic WCA experiments, 

in which the structured coatings gradually became increasingly hydrophobic with an increase in the 

applied volumes of water. Optical images of each sample obtained after 60 min of exposure to the water 

vapor depict the formation of large water droplets on the structured coatings (Figure S5). For comparison, 

a piece of Teflon® film was also exposed to water vapor under the same conditions, but there was no 

measurable amount of water retention on this substrate during any stage of the experiment. The structured 

films relatively quickly condensed water vapor and maintained a consistent level of moisture on their 

surfaces throughout the experiments. To further demonstrate the differences in water retention 

characteristics of the samples prepared in these studies, each coating was mounted in a vertical orientation 

and exposed to a steady stream of water droplets (~2 mL in total volume) generated by a spray coater. 

The samples were removed from the stream of droplets and imaged against a flat surface with direct 

lighting to assist in the visualization of retained water droplets (Figure S6). These lighting conditions 

assist in observing the presence of water on these surfaces (i.e. the reflective surfaces of the droplets are 

easily discernable). These results further demonstrated that water droplets collected primarily on the 

planar polystyrene surfaces, while the hierarchical structures with incorporated polymer fibers exhibited 

the least amount of water retention. A limitation of these experiments is that the water collected from each 

of the surface structures (e.g., droplets removed from their surfaces) was not easily quantifiable. Further 

investigations and alternative experimental conditions are warranted to quantify the actual water 

collection efficiency of each coating.  

The surface coatings and their methods of preparation that were demonstrated in this study rely 

on off-the-shelf products that are relatively inexpensive and readily available. By utilizing common 

materials, this process was able to achieve a reduction in cost of at least 85% (~35 USD per m2), in 

comparison to other comparable surface treatments with improved water management properties, such as 

dispersible poly-siloxane and Teflon® particles (~209 USD per m2). Further reductions in cost could be 
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realized for materials purchased at larger scales as necessary for the amounts required for coating larger 

surfaces.  

 

CONCLUSIONS 

Hydrophobic surfaces that simultaneously exhibited a high adhesion to water were prepared by 

spray coating a polystyrene binder with silica particles to create a hierarchical structure with respect to 

varying particle size. Different polymer structures, such as polystyrene nanofibers, were achieved by 

adjusting the solvent flow rates during the spray coating process. Hydrophobic WCAs were achieved with 

the formation of hierarchical structures either with or without the incorporation of the polymer nanofibers. 

However, these coating exhibit super-hydrophobic behavior in which the water droplets could roll freely 

on the hierarchically structured surface. The discrepancy between the measurements and observations is 

attributed to difficulties of accurately measuring the WCA of these rough surfaces and, thus, the reported 

WCA values are likely an underestimate of the actual values.  Significant variations were observed in the 

WCA for small water droplets (diameters <5 mm) due to surface irregularities (or roughness) on length 

scales proportional to the dimensions of these droplets (e.g., 100’s of m). However, despite these 

variations, the WCAs of these hierarchical structures were more hydrophobic than any of the other 

coatings, such as those prepared from polystyrene binder and silica particles of a single size. The 

hierarchical structures assembled from silica particles of different sizes exhibited an increased adhesion 

towards water, pinning at least 30% more water by volume onto its surfaces when compared the control 

samples. The incorporation of polystyrene nanofibers into the hierarchical structure increased the mobility 

of water on the coated surfaces, as well as its ability to efficiently condense water vapor. This structure 

repelled water droplets more efficiently (i.e. requiring a 25% smaller volume of water to induce mobility 

of droplets) than the control samples. Further tuning of these water management properties could be 

investigated through the use of a monodispersed sample of silica particles to achieve a finer control over 

the wetting properties of the hierarchical structures. Through the preparation of different hierarchical 

surface coatings achieved by spray coating, a number of applications could be enabled at a relatively low 
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cost and over a large scale for efficiently collecting, maintaining, or otherwise managing surface bound 

water.  
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Figure 1. Scanning electron microscopy (SEM) images of structured coatings prepared by spray coating 

to achieve (a) hierarchically assembled silica particles, or (b) hierarchical structures of silica particles that 

also incorporated polystyrene nanofibers. (c) High magnification SEM image of the polystyrene 

nanofibers attached to smaller silica particles.   

 

 

 

 

 

 

 

 

 

 

 

 

 



  Colloids and Surfaces A: Physicochemical and Engineering Aspects 

 

21 

 

 

 

 

 
Figure 2. Static water contact angle (WCA) measurements and optical images obtained for different 

surface coatings prepared by spray coating mixtures of silica particles and polystyrene binder. Optical 

images (viewed from the top down and as a side-profile, respectively) correspond to coatings prepared 

from: (a, b) hierarchical assemblies of silica particles that incorporate polymer nanofibers; (c, d) 

hierarchical assemblies of silica particles; (e, f) only the larger silica particles; and (g, h) only the smaller 

silica particles. All scale bars are 5 mm. The corresponding average WCAs for these coatings are 

summarized in the bar graph along with the WCA measured for a film prepared with only polystyrene.  
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Figure 3. Static water contact angle measurements for various structured surfaces prepared by spray 

coating processes. Measurements are reported as a function of increasing water droplet volume. Error bars 

were calculated as the standard deviation of at least five measurements obtained from different locations 

on the same substrate.  
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Figure 4. The advancing and receding water contact angles for structured surfaces tilted at 45 degrees.  

Measurements were made with respect to increases in the volume of the applied water droplet. 
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Figure 5. The normalized weight of water on the surfaces of different coatings, standardized against a 

planar film of polystyrene. The mass of water retained on each coating was measured after 15, 30, and 60 

min of exposure to water vapor.  
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