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The bioinspired field of superhydrophobicity has almost universally deployed environmentally-detrimental approaches 

relying on organic solvents and fluorinated compounds to generate liquid-repellent surfaces, thus severely limiting 

application at industrial scales. Recent water-borne methods have reduced the use of volatile organic compounds, but 

these methods often rely on either fluorinated chemistries (to lower surface energy) or charge-stabilization (to suspend 

roughness-enhancing particle fillers). An entirely water-based and fluorine-free superhydrophobic formulation has been 

developed from hydrophilic titanium dioxide (TiO2) nanoparticles and polyolefin copolymers, without additional 

surfactants or charge-stabilization. The commercially-available ingredients are combined in a single-step, substrate-

independent, wet-process application to deliver an ultra-simple, semitransparent coating which is attractive for large-area, 

fluid-barrier surface treatments. The coating constituents are environmentally-safe and FDA-approved, overcoming a 

nontrivial hurdle in the scalable development of sustainable fluid management technologies.

Introduction 

The development and implementation of water-based fluorine-free 

formulations for bioinspired superhydrophobic surface treatments 

can greatly reduce adverse environmental and biological effects 

typically associated with the synthesis of similar liquid-repellent 

coatings. Over the past several decades, many approaches to super-

repellent surfaces have been developed, but synthesis often 

involved harsh organic solvents,
1-4

 complex processing methods,
5
 

and/or undesirable fluorinated chemistries.
6-8

 In addition, many of 

the demonstrated methods are not practically feasible at large 

scales in commercial applications;
9, 10

 not only for their negative 

environmental consequences, but also for their inability to produce 

large-area fluid barriers at sufficiently low cost. Imparting liquid 

repellency via a scalable spray approach has been shown viable for 

low-cost substrate-independent superhydrophobic coatings.
6, 11-14

 

Following a waterborne wax-based
15

 approach,
16

 the use of 

fluorinated compounds has been eliminated here - without need for 

charge stabilization. Titanium dioxide (TiO2) nanoparticles are used 

to generate micro/nanoscale hierarchical surface roughness, which 

produces semitransparent superhydrophobic composite films (See 

Figure 1). The present composition does not require pH-

modification and all constituent elements are FDA-approved.
17,18

 

The environmentally-friendly formulation is characterized below in 

detail, having potential in numerous fluid management applications 

for its simplicity, efficiency, and versatility. 

The study of functional nanoparticle-polymer composites has been 

greatly aided by advancements in polymer synthesis, as well as 

greater control over nanoparticle morphologies and purities. These 

composites are used for a wide range of applications, such as 

enhanced heat transfer,
19, 20

 low electrical resistance,
21-23

 and 

radiation absorption.
24, 25

 For liquid-repellent functionality, 

specifically to water (hydro-), relatively low surface energies and a 

suitable degree of hierarchical micro- and nano-scale roughness are 

required to reduce the liquid-solid interfacial contact area.
26

 In 

combination, these two factors increase the contact angle (CA) of 

Figure 1. Photograph of a 10 µL water droplet (dyed blue) beaded on a coated glass 

slide (25 x 75 mm
2
). The coating consists of TiO2 in a polyethylene copolymer matrix, 

with a TiO2 solid mass fraction of φ = 0.75. The tiled logo image in the background is 

clearly visible through the semitransparent white superhydrophobic surface treatment

on the slide. 
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water droplets on the surface (CA used herein as a measure of 

wettability).
27

 Wettability
28

 by liquid on a smooth untextured 

surface in an air environment is determined by the free surface 

energies of the solid substrate constituents. Depending on whether 

the surface is hydrophobic or hydrophilic, interaction with water is 

tunable via surface roughness imparted with the addition of 

nanomaterials.
29

 A high degree of surface roughness enhances the 

corresponding wetting behavior, either hydrophobic or hydrophilic, 

of the surface into two extreme cases,
30

 described as either 

superhydrophobic or superhydrophilic (water CA greater than 150° 

or about 0°,
31

 respectively). In general, the polymer(s) of an applied 

composite designates liquid affinity to the coated surface (i.e., 

surface energy) as well as provide an adhesive matrix for embedded 

nanomaterials (i.e., roughness). 

Until recently,
32

 fabrication of super-repellent polymer composites 

with sufficiently low surface energies (γ << 72 mN/m) required 

harsh solvents for wet-processing of composite elements, thus 

hindering the development of entirely water-based systems. Water-

compatible, fluorine-free polymer systems capable of delivering low 

surface energy films have been the primary challenge in the 

development of environmentally-benign superhydrophobic 

coatings. In a previous formulation,
7
 waterborne fluoropolymer 

dispersions enabled the development of aqueous superhydrophobic 

colloidal suspensions for coating nonwoven substrates at industrial 

scales. However, the fluorinated composition posed environmental 

concerns.
33

 In 2006, the EPA initiated a reduction in the 

manufacture of many fluoropolymer compounds which can 

decompose into perfluorooctanoic acids (PFOA), having adverse 

environmental and biological impact. PFOA, a known cause of birth 

defects,
33

 can pollute ground water, reservoirs, and aquatic wild-

life,
34

 eventually entering the human food-chain. Although short-

chain fluoropolymers made in response to the EPA initiative are 

now available and pose less environmental risk, eliminating the 

necessity of fluorine altogether in extreme liquid repellency has 

been a primary goal of this work. The objective for future 

sustainable fluid barrier solutions is to make fluorinated composites 

obsolete by replacing them with environmentally-conscious, so-

called ``green'' alternatives. 

Particles with nanoscale dimensions allow fine control over 

composite surface roughness to reduce liquid-solid interfacial 

contact.
4
 Nano-textured hydrophobic surfaces offer increased 

resistance to liquid wetting owing to entrained gas pockets beneath 

the fluid interface.
35

  Many superhydrophobic surfaces utilize 

hydrophobic particle fillers,
6, 36, 37

 which require non-aqueous 

suspensions or other additives. Although hydrophobic particle fillers 

aid in generating greater repellency, the charge-stabilization or 

surfactants required to form aqueous systems are undesirable. 

Hydrophilic TiO2 nanoparticles produce sufficient surface roughness 

and are compatible with waterborne polyethylene-octene (PE) 

copolymer emulsions. In a manner unique to nanoscale TiO2, the 

polymer acts to isolate the hydrophilic nature of suspended TiO2 

particles in dispersion by surrounding them in a weakly hydrophobic 

polymer “shell” via surface adsorption kinetics. Hydrophobicity is 

maintained after composite application and drying (i.e., residual 

water removal). Using nanoparticles of small dimensions (≤ 100 

nm), the resultant surface roughness elevates CA into the 

superhydrophobic regime (> 150°). TiO2 is a non-toxic additive to 

food, skin lotions, and paint pigments
38

 due to its benign 

environmental impact. A semitransparent, water-based, and 

entirely fluorine-free superhydrophobic formulation capable of 

large-area surface modification is currently lacking in the literature 

and unavailable for commercial application, but demonstrated here 

for the first time. 

Results and Discussion 

TiO2 particle aggregation while in aqueous suspension varies with 

phase (i.e., anatase or rutile), particle size, temperature and pH.
39, 40

 

Adsorption mechanisms of anatase vs. rutile surfaces have been the 

subject of extensive study, not without some controversy. In 

general, smaller TiO2 nanoparticles are more reactive based on the 

ratio of dissociative to molecular adsorption, although conflicting 

results have been reported.
41

 Figure 2 shows transmission electron 

microscope (TEM) images of representative samples of both 

anatase and 21 nm mixed-phase particles (both anatase and rutile 

phases are present). The latter tend to aggregate by surface 

charging mechanisms (i.e., hydrogenation) in submicron clusters.
42

 

On the other hand, the all-anatase particles had a lower tendency 

to aggregate, as explained by their lower surface energy compared 

Figure 2. TEM images of clustered (a) 21 nm mixed-phase (anatase and rutile) TiO2 primary particles, and (b) anatase TiO2 particles. The 10 nm scale-bar applies to both images. 

The smaller primary particle size of the mixed-phase TiO2 is evident and indicates a greater tendency towards aggregation over that of anatase due to its greater surface area and 

surface charging (i.e., hydrogenation). 
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to rutile.
43

 In the vacuum of the TEM column, water adsorbate is 

likely retained on particle surfaces, specifically the rutile component 

of the mixed-phase.
40

 This adsorption contributes to greater 

aggregation owing to the presence of an adsorbate film on rutile 

particle surfaces. Anatase was easily identified in the TEM where 

primary particles were observed to be ≤ 60 nm in diameter; the 

larger anatase particle size resulted in faster settling in aqueous 

suspension compared to the 21 nm mixed-phase (See Figure S1, 

obtained one month after anatase and 21 nm mixed-phase 

suspensions were probe-sonicated in water at 5 wt. % solids and 

allowed to settle). The 21 nm mixed-phase particles remained 

suspended over longer time periods without requiring additional 

mechanical mixing or agitation. 

The ratio of filler to polymer was varied to determine an optimal 

formulation; composite ratios are identified by the particle filler 

(TiO2) mass fraction, φ, defined as the particle filler mass, mTiO2, 

divided by total solids mass, mTiO2+PE 

φ = mTiO2/mTiO2+PE . (1) 

Overall solids content was varied in terms of φ to evaluate coating 

performance. Mass fractions tested were φ = 0, 0.25, 0.5, 0.6, 0.75, 

and 0.8 (or, in terms of filler-to-polymer ratios, nanoTiO2:PE = 

0:100, 25:75, 50:50, 60:40, 75:25, 80:20, and 85:15). For φ ≤ 0.5, 

inadequate roughness in the final coating achieved insufficient 

repellency due to the weakly hydrophobic PE blend. However, 

results are reported to elucidate increased water CA as a function 

of φ (increased nano-roughness) in contrast to smooth untextured 

all-polymer (φ = 0) coatings. The upper limit of particle filler content 

was fixed at φ = 0.85, above which the polymer content was 

insufficient for adequate particle adhesion (i.e., coating appeared 

“dusty”). For further details on preparation, refer to Materials and 

Methods. 

After suspending nanoparticles in water and fully dispersing via 

probe sonication, aqueous PE was added under mechanical mixing. 

The final dispersions were sprayed onto either aluminum foil for 

subsequent SEM imaging, or glass slides for CA measurements. 

Figure 3 shows SEM images of dried samples (i.e., anatase and two 

mixed-phase coatings, 21 and 100 nm, respectively) all with φ = 

0.75. Clearly, the anatase composite forms rougher texture 

compared to its mixed-phase variants. However, when observed 

under TEM (Figure 2), anatase particles in their initial state (no PE) 

displayed a lower aggregation tendency. This discrepancy is likely 

due to surface adsorption kinetics of anatase TiO2 with PE in 

water.
44

 Anatase was observed to be unstable in the PE dispersions 

and separated out much faster, showing the anatase tendency to 

form larger aggregates in the presence of PE. Conversely, PE acted 

as a stabilizing agent to prevent larger aggregates (relative to 

anatase) in the mixed-phase composites. Greater surface charging 

of the mixed-phase particles formed smaller insulated clusters upon 

contact with the polymer. The 21 nm mixed-phase colloidal 

dispersions were observed to separate slightly after one week when 

allowed to rest, with a thin layer of water forming near the top of 

the vial, but easily returning to a stable suspension once shaken. 

The 100 nm mixed-phase coating behaved similarly to its 21 nm 

mixed-phase counterpart with slightly more settling, attributed to 

larger particle sizes, but also returning to suspension easily upon 

mild mechanical mixing. Settling of the nanoTiO2 colloidal 

dispersions had negligible impact on coating performance after the 

dispersions were re-agitated before spraying. 

Figure 3. SEM images for three variant TiO2 composites tested in this study (all at φ = 0.75): (left column, a, d) anatase, (middle column, b, e) 21 nm mixed-phase (anatase + rutile), 

(right column, c, f) 100 nm mixed-phase. Top row (a-c) in low magnification (50 µm scale bar), and bottom row (d-f) in high magnification (5 µm scale bar). The anatase composite 

formed the largest particle clusters, which displayed much greater morphological inhomogeneity. The 21 nm mixed-phase composite featured uniform small aggregates, while 

aggregates of the 100 nm mixed-phase were slightly larger. Note the variation in visible smooth patches of exposed polymer (grey domains) in both the anatase and the 100 nm 

mixed-phase composites, yet the polymer appears to be evenly distributed in the 21 nm mixed-phase composite. 
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Surface features of the variant composites strongly influenced 

water droplet mobility. The rougher texture (large aggregates) of 

the anatase-based coatings and distributed regions of exposed 

polymer are evident in the left column of Figure 3 (a, d); nanoscale 

TiO2 aggregates (white) are seen in the bottom left high-

magnification image dotting the polymer matrix (grey). Some of the 

anatase large surface features approach 50 µm in size (Figure 3a) 

after spray coating, while the nanoscale texture imparted by the 

TiO2 primary particles protruding from the large structures are also 

seen in Fig. 3d. As mentioned prior, these nano- to micro-scale 

hierarchical features are critical in generating super-repellency.
45

 

Unfortunately, the weakly hydrophobic smooth patches of exposed 

polymer also detract from droplet mobility, resulting in “sticky” 

regions on the surface where water droplets adhere and become 

anchored (i.e., pinning).
46

 In contrast, the much smaller (submicron) 

aggregates in the 21 nm mixed-phase composite are highly uniform, 

producing consistent nanometer-scale surface roughness. Regions 

of smooth exposed PE are almost entirely eliminated due to a more 

complete adsorption of the polymer on the higher-surface-area 

nanoparticles. The 21 and 100 nm mixed-phase composites lacked 

the roughness contrast observed in the anatase samples, despite 

the order of magnitude difference in particle size. Although the 100 

nm mixed-phase composites more closely resembled 21 nm mixed-

phase coatings, the former composites had lower surface-to-

volume ratios than the latter, thus preventing PE from fully covering 

the exposed nanoparticles. Similar to the anatase composites, 

regions of smooth exposed polymer were also formed in the 100 

nm mixed-phase composites (grey area in Figure 3f). In that sense, 

100 nm mixed-phase composites formed a unique blend of features 

observed in both all-anatase and 21 nm mixed-phase composites, 

incorporating dual morphological and chemical aspects with a 

larger range of aggregate sizes and deleterious intermittent patches 

of smooth polymer. In all composites however, textural uniformity 

was evident even in the absence of chemical homogeneity (see 

Figure S2). 

With the SEM results indicating that the TiO2 phase is equally as 

important as particle size in composite formation, the kinetics of 

the surface interaction between titania nanoparticles and PE 

polymer chains were considered. As reported elsewhere,
47

 TiO2 

particles are known to act as nucleation sites assisting in 

polyethylene co-polymer crystallization. In general, polymers in 

ordered (i.e., crystalline) groupings have a lower surface energy 

than their amorphous forms due to a more stable bonded state, 

and can thus contribute to greater hydrophobicity. XRD 

measurements were performed on variant nanoTiO2 composites (φ 

= 0.2) compared to an all-PE (φ = 0) composite to verify particle 

phase and determine polymer crystallinity enhancement. XRD 

measurements are inherently sensitive to volume, thus polymer 

content (1 - φ, assuming constant density) was fixed across all 

samples at 0.9 g (Figure 4). Filler particle content was held to a 

minimum of 20 wt. % (0.22 g, or φ = 0.2) in the composites to better 

detect PE crystallinity peaks (TiO2 has very pronounced crystallinity 

and can obscure less crystalline reflection). For the case of the all-

PE sample, there are two theta peaks with values of ~19 and 22° 

surrounded by an amorphous “halo.”
47, 48

 For the anatase 

composite, peaks from PE declined slightly in intensity coupled with 

a narrowing of associated peak width. Peaks from anatase were 

observed around 25, 38 (two peaks), 48, 54, and 55° for all samples, 

as expected. The mixed-phase samples had peaks indicative of 

rutile at 27 and 45°. However, broad reflection peaks for PE in all 

cases were inconclusive as to the increased crystallinity 

contribution from nanoTiO2. A slight narrowing of the peak base for 

anatase was accompanied by diminished peak size, resulting in an 

insignificant change in area under the diffraction curve. For the 

mixed-phase samples, peak base size remains relatively unchanged 

and whether or not the reflection peaks have sharpened is unclear 

from the background. 

Additionally, PE (HYPOD™ 8510) possesses high carboxyl content 

from its functional pendant groups,
49

 which can become dissociated 

upon interaction with titanium nanoparticles.
50

 This reaction will 

generate formic acid in nanoTiO2:PE dispersions, resulting in 

formate deposits occurring around nucleation sites (i.e., grain 

boundaries) in the final dry composites. This was verified by 

comparing the pH of prepared dispersions during synthesis. PE (42 

wt. % in water) has an as-received alkalinity of pH ~ 9, while 

nanoTiO2 (all types) dispersed in deionized water retained neutral 

pH (~7). Upon combining alkaline PE polymer into the filler 

suspension, pH declined to about 8 in each case, suggesting a 

neutralizing effect brought about by reactive filler particles in the 

less alkaline final dispersion (pH was not affected when wet-

processing SiO2 or ZnO). This indicates surface adsorption 

mechanisms of nanoTiO2 likely stripped carboxylic pendant groups 

from the PE polymer backbone, forming desirable chemical bonds 

while simultaneously neutralizing the colloidal dispersion. This 

particle-to-polymer bonding mechanism explains the efficacy of the 

hydrophobic polymeric shell surrounding the otherwise hydrophilic 

filler particles, further strengthened when attempting comparative 

composites using similar oxide nanoparticle fillers, such as ZnO and 

SiO2, both hydrophilic and with comparable dimensions. SEM 

images and CA results from these composites are included in the SI 

as Figure S3 and S4, respectively. Figure S3 illustrates that 

morphology and hierarchical structure for both the ZnO and SiO2 

composites are similar to the TiO2 coatings, yet CA were poor; none 

of the φ values for either oxide particle achieved 

superhydrophobicity.  

For any superhydrophobic surface, sessile apparent CA (θ*) is 

generally considered a first indicator for predicting dynamic droplet 

behavior on the surface. Variably, advancing and receding CA (θAdv 

Figure 4. XRD patterns for an all-PE coating, or φ = 0 (bottom, black), and three variant 

nanoTiO2 composites having φ = 0.2 mass fraction (anatase in red, 2nd from bottom; 

21 nm mixed-phase in green, 2nd from top; 100 nm mixed-phase in blue, top). 

Enhancement to PE crystallinity delivered by the addition of nanoTiO2 in any case was 

indeterminate due to background noise and the amorphous halo surrounding PE 

crystalline factions. Reflection peaks confirmed as-received anatase and mixed-phase 

varieties. 
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and θRec, respectively) are more appropriate to characterize self-

cleaning surfaces as droplet mobility is vital to the removal of 

surface contaminants. The magnitude of the difference in θAdv and 

θRec (known as CA hysteresis Δθ = θAdv - θRec) should ideally be as 

close to zero as possible for best self-cleaning performance, and 

therefore, repellency.
27

 Figure 5 illustrates mobility of water 

droplets on the composite surfaces in terms of dynamic water CA 

(θAdv and θRec) and roll-off angle measurements, as a function of φ, 

for determining optimal performance. For φ = 0, θAdv ~ 95° is shown 

as the CA y-intercept for each plot; but these surfaces are “sticky,” 

as evident by θRec ~ 0° delivering a high Δθ of 95°. Water droplets 

experienced high adhesion to PE polymer surfaces due to its weak 

hydrophobicity and high CA hysteresis. 

As φ was increased, composites achieved higher CA (θAdv and θRec) 

and reduced CA hysteresis (Δθ → 0°). CA hysteresis for the mixed-

phase composites diminished rapidly at increased φ, owing to the 

reduction of exposed polymer and higher nanoscale roughness. 

Exposed patches of polymer in the anatase coating allow for regions 

on the surface for the droplet to anchor, thus pinning the contact 

line and preventing droplets from receding. The hybridized regions 

of nano-textured and smooth polymer in the 100 nm mixed-phase 

composite produced variable performance as φ increased. 

Performance drops off dramatically for the 100 nm composites for 

φ > 0.75, resulting in more wettable surfaces due to larger 

nanoparticle surface area and incomplete polymer cladding. In 

contrast, 21 nm mixed-phase composites showed steadily 

improving performance with rising φ. Droplet roll-off angles are 

also included in Figure 5 (grey) and verify improved repellency 

performance accompanying reduced Δθ. 

Results support that 21 nm mixed-phase TiO2 particles formed 

optimal composites from spatially uniform morphology delivering 

consistent liquid repellency. Corresponding suspensions remained 

for several weeks with only minimal settling and separation, making 

them suitable for large-area industrial-scale surface treatments. 

Anatase composites are intrinsically more photo-sensitive, resulting 

in reduced composite repellency upon exposure to UV radiation 

(dissociation of surrounding polymer) via increased hydrophilicity as 

free surface energy increases. Each variant nanoTiO2 was shown to 

be effective for achieving superhydrophobicity at φ ≥ 0.6. However, 

reducing PE content inhibited nanoparticle adhesion above φ = 

0.75. Thus, for achieving extreme repellency (high CA and sufficient 

droplet mobility), optimal composite blends were found between φ 

= 0.60 and 0.75. 

Materials and Methods 

Materials. TiO2 nanoparticles (Titanium [IV] Oxide anatase 

nanopowder, < 25 nm particle size, 637254-100G) and two as-

received mixtures of rutile and anatase (Titanium [IV] Oxide 

nanopowders, < 21 nm particle size, 718467-100G; Mixture of rutile 

and anatase, < 100 nm particle size, 634662-25G) were obtained 

from Sigma-Aldrich to determine the effect of particle phase and 

size in the composite.  The polyolefin (PE) blend dispersion, 

consisting of polyethylene-octene copolymer ~60% (adhesive 

elastomer) and polyethylene-acrylic acid copolymer ~40% 

(stabilizing agent), was obtained from DOW Chemical (~42 wt. % in 

water; HYPOD™ 8510). Deionized water was used as a probe liquid 

for contact and roll-off angle measurements. 

Methods. Colloidal dispersions for spray were prepared at 5 wt. % 

solids in water. Too low of an overall solids content required 

unnecessary multiple coating passes, whereas too high of a solids 

content increased dispersion viscosities and/or clogged the spray 

nozzle. A solids content of 5 wt. % was found sufficient for 

adequate coating deposition per spray pass, and low enough to 

avert spray problems from high viscosities (occurring at ≥ 10 - 15 

wt. %). For example, to prepare 20 g of sprayable dispersion with φ 

= 0.5 mass fraction, 0.5 g TiO2 was placed in a 20 mL vial. 

Subsequently, 18.3 g of deionized water was added and the mixture 

was probe-sonicated for 1 minute (Sonics & Materials, Inc., 750 W, 

13 mm probe dia., 20 % amplitude, 20 kHz). The as-received PE 

polymer blend was 42 wt. % polymer solids in water, with the 

portion of water from the polymer emulsion accounted for in the 

final dispersion water balance. Immediately following probe-

sonication of the TiO2-in-water suspension, 1.19 g of PE polymer 

emulsion, or 0.5 g total PE solids in 0.69 g water, was added to the 

Figure 5. Dynamic wettability measurements for all three nanoTiO2-PE composite 

coatings tested at all mass fractions φ: (a) anatase, (b) 21 nm mixed-phase, and (c) 100 

nm mixed-phase. For all samples, φ > 0.50 boosted advancing CA (green) to above 150°

(superhydrophobic) while simultaneously increasing receding CA (red). For select φ, 

there exists a measurable roll-off angle (grey symbols). In other cases, water droplet 

roll-off was not observed (“sticky” surface). 
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dispersion and then mechanically mixed for 5 minutes. The water 

content in the final dispersions, regardless of composite ratio, was 

always 95 wt. %. 

Care was taken to ensure spray uniformity and control over coating 

thickness by weighing glass slide substrates before and after coating 

(g m
-2

, or gsm). An airbrush atomizer (Paasche, VL siphon feed, 0.55 

mm spray nozzle) was used to spray the prepared dispersions onto 

glass slides from a distance of ~20 cm. Spray distance affects 

composite morphology and deposition mass, and was thus selected 

to avoid water accumulation (longer distances) and maximize 

coating deposition (shorter distances). Composites formed from 

water-based spray dispersions can be spatially non-uniform due to 

slow solvent evaporation (i.e., pooling). Therefore, the smallest 

spray nozzle was selected to enhance water evaporation during 

application and an electric dryer was used to evaporate residual 

water from the composite between spray passes, thus forming 

uniform films.  

Characterization. Three glass slides were sprayed for each φ tested, 

all of which were characterized for water CA and roll-off angles. In 

determining droplet mobility, water droplets were syringe-

dispensed, and similarly withdrawn, using a 1 mm needle-tip, such 

that probe droplet diameters ranged from 1-4 mm. This facilitated 

dynamic measurement of advancing (θAdv) and receding (θRec) CA. 

For roll-off angles, the glass slides were placed on a goniometer 

operated by a VXM motor to allow precise control through small 

angle increments (~0.1° s
-1

) until a 10 µL water droplet was 

observed to roll off from its initial position. If the droplets did not 

roll off, the composite surfaces were deemed “sticky” and no roll-

off angle is reported.  

NanoTiO2 particles were imaged in a transmission electron 

microscope (TEM; JEOL JEM-3010, 300 keV) to verify dimensions, 

crystalline phase morphology, and particle aggregate size. For SEM 

observations (Hitachi S-3000N, 5 keV), a small area (~0.25 cm
2
) was 

cut from coated aluminum foil (to prevent charging) prepared in an 

identical manner to the glass slides. Additionally, 5 nm Pt-Pd 

sputter-coating was applied to the coating(s) to facilitate imaging. 

For X-ray diffraction (XRD) characterization (Siemens [Bruker] 

D5000 theta-theta powder X-ray diffractometer, 40 kV, 25 mA, Cu 

radiation, graphite monochromator), two theta values were varied 

from 10 to 60° in 0.01° increments, with 1 sec per increment. 

Quartz background-less slides were prepared with an all-PE sample 

(φ = 0) and compared to the three variant composites (anatase, 21 

nm mixture, and 100 nm mixture) in φ = 0.20 mass fraction. The all-

PE slide was sprayed with 5 wt. % PE in water (0.9 g PE solids). To 

compare PE crystallinity with the nanoTiO2 composites, the polymer 

content was fixed at 0.9 g so that the nanoTiO2 addition of each of 

the three variants was thus adjusted to 0.22 g (φ = 0.2). Low 

particle filler content allowed for a qualitative estimate of PE 

crystallinity, and was chosen to limit the strong intensity of TiO2 

reflection peaks. 

Conclusions 

 

A stable, all-water-based, and fluorine-free spray dispersion 

has been demonstrated, achieving semitransparent 

superhydrophobic coatings suitable in large-area (i.e., 

industrially scalable) fluid barrier surface treatments applicable 

on most common surfaces (glass, plastic, metal, etc.). 

Comprised of nanoTiO2 and water-borne wax polyolefin 

polymer, ideal ratios of formulation moieties were determined 

by dynamic CA measurements, emphasizing the reduction in 

CA hysteresis to attain droplet mobility as a critical 

performance metric. Optimal mass fractions were found 

between φ = 0.6 - 0.75 and achieved repeatable 

superhydrophobic performance, with the 21 nm mixed-phase 

(anatase + rutile) composites performing better than 25 nm 

anatase and 100 nm mixed-phase variants. Anatase TiO2 was 

found to resist aggregation whereas 21 nm mixed-phase TiO2 

quickly formed particle groupings when each was suspended in 

water, most likely due to the greater presence of surface 

charges on rutile particles. Surface charging and high surface 

area explain the uniformity of spray-coated 21 nm mixed-

phase film composites when combined with the alkaline 

polyolefin polymer blend. Moreover, such polar interactions 

serve to more completely sheath hydrophilic TiO2 particles in 

the hydrophobic polymer shell. The alleged mechanism of 

surface adsorption cleaving carboxyl pendant groups from the 

PE polymer backbone was confirmed by pH measurements 

after the addition of the alkaline polymer, likely contributing to 

the effective concealment of filler particle hydrophilicity. Thus, 

the incorporation of a unique waterborne polymer blend is 

demonstrably effective in low environmental impact 

superhydrophobic composites, achieved via tuning of 

nanoscale roughness with variable hydrophilic titanium dioxide 

loading. 
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An environmentally-safe, water-borne coating that poses a transparent, substrate-independent, water 

barrier consisting of titania nanoparticles and fluorine-free polyethylene copolymers. 
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