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Abstract

Many studies have shown that dropwise condensation can enhance air-side heat transfer coefficients by at
least an order of magnitude relative to filmwise condensation. However, among the hundreds of
superhydrophobic surface-modification processes previously reported, there remains a lack of coating
methods that enable stable dropwise condensation and can be applied to aluminum — by far the most
common material for the air side of heat exchangers, e.g. in air conditioning. Here we present a bottom-up
synthesis technique to grow zinc oxide-based films on to aluminum with tunable nanoporosity and
strongly re-entrant surface features. These surfaces exhibit exceptional static water contact angles of up to
178° with a hysteresis less than 3° and a slide angle of 1°. We have further characterized the surfaces in
the presence of six different liquids, and show that our optimal surface can repel even dipropylene glycol
with a contact angle of 124°, even though its surface tension is less than half that of water. Crucially, we
have also tested our films under water-condensing conditions in flowing air, characterizing the droplet-
shedding behavior, and we have understood how to tune the growth process to deliver stable droplet-
shedding instead of flooding. The process uses inexpensive reagents, can operate below 100 °C via
immersion in an aqueous bath, and takes 1-3 hours to complete, making it readily scalable to areas of
many square meters and complex geometries.



1. Introduction

Dropwise condensation has been well established to enhance condensation heat transfer coefficients by an
order of magnitude or more relative to filmwise condensation [1]-[5]. A requirement for highly effective
dropwise condensation is a superhydrophobic heat transfer surface, the two common ingredients of which
are a roughened texture and a low surface energy [6]. Countless processing routes have been
demonstrated to achieve superhydrophobic behavior on metals, polymers and ceramics [6]. Only a small
subset of potential superhydrophobic surfaces, however, is suitable for use under condensing conditions,
because the surface needs to conduct heat rapidly away from condensing droplets [3], [4], [7] while still
enabling droplets to shed as they grow and coalesce [8]-[14].

1.1. The need for superhydrophobic coatings in air conditioning systems

One application in which dropwise condensation could potentially reduce energy consumption is on the
air side of evaporator coils in air conditioning systems. Air conditioning currently accounts for about 6%
of U.S. electricity consumption [15], and for up to 20% in tropical countries such as Singapore [16].
Enhanced, dropwise heat transfer at air-cooling surfaces [2], [17] would enable higher coolant
temperatures to be used for a given heat flux, and hence higher coefficients of performance to be attained.
Moreover, the absence of a water film on cooling surfaces would result in less impedance to air flow in
parallel-plate heat exchanger configurations [5], [18], which are ubiquitous. Thirdly, eliminating stagnant
water would reduce the risk of fungal or bacterial growth inside a heat exchanger [19], and retard metal
corrosion [5].

Nevertheless, evaporator coils today are predominantly given hydrophilic surface treatments [ 18] which
promote filmwise condensation, on the ground that conventional, moderately hydrophobic coatings shed
their droplets only under gravitational action, so that droplets would first need to reach a diameter
comparable to water’s capillary length in air (~2 mm). This distance is similar to the gap between the
parallel plates, or ‘fins’, of most heat exchangers, which is constrained by heat transfer requirements.
Thus, droplets growing towards their capillary length would frequently bridge fin gaps and impede air
flow even more severely than in the filmwise condensation mode.

For dropwise condensation to be feasible in an evaporator coil, the shedding diameters of droplets need to
be reduced to less than about half the spacing of the fins. In additional to gravitational shedding, droplets
might be removed by the aecrodynamic forces of the flowing air [20], or by coalescence-induced jumping
whereby liberated surface energy is converted to kinetic energy [4], [9], [21]. For either of these
alternative shedding modes to play a role, the adhesion between growing droplets and the heat transfer
surface must be reduced, meaning that the contact area must be minimized while still providing an
adequate heat conduction path. Additionally, if droplet shedding into the air is promoted, a means of
capturing and extracting the droplets from the airstream needs to be devised.

1.2. Engineering droplet-shedding mechanisms

It has been argued by Miljkovic [7] that condensation heat transfer is maximized when growing droplets
remain in a partial-wetting state, whereby only a small portion of the base of the droplet wets the rough
underlying surface. This mode is predicted to occur when it is energetically favorable for a droplet
expanding from a wetted location to remain clear of the surrounding solid surface and not wet the
adjacent features [9]. The partial-wetting situation is expected when [3], [8]:
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where 8$B, 8% and 0, are the advancing contact angles for droplets in the Cassie—Baxter state, in the
Wenzel state, and on a smooth flat surface, respectively. The roughness, r, is defined as the ratio of the
actual surface area to the projected area of the substrate [10].

The alternatives to partial wetting are a fully wetted (Wenzel [22]) mode and a completely “suspended”
(effectively Cassie—Baxter (CB) [23]) state in which no surface pores are wet. The partial-wetting mode
has been measured to yield condensation heat transfer coefficients around six times higher than in a
suspended state [23], and about 30% higher than the Wenzel state [24].

Surfaces that do not have a low enough surface energy or great enough roughness will tend to enter the
Wenzel state. Those with particularly high roughness and/or low surface energy may enter the suspended
state, especially if the surface energy is patterned to promote condensation at the tips of the surface’s
asperities rather than within its pores [11], [25]. It has also been suggested that the geometry can be
controlled by tapering surface protrusions to induce dewetting transitions during condensation [12].

In addition, Miljkovic has suggested that to inhibit flooding of a surface during condensation, the mean
separation of the nucleated droplets should lie between two and five times the pitch of the structures on
the substrate [7]. The nucleation density depends on the supersaturation of air at the surface, as well as on
the presence of any disruptions to the hydrophobic chemistry of the surface.

1.3. Processing routes to achieve partial-wetting superhydrophobicity

The question therefore arises of how to produce a surface that combines sufficient roughness and low
surface energy, while offering adequate thermal conductance and a large enough spacing of nucleation
sites under condensing conditions to inhibit surface flooding. Air conditioning heat exchangers are almost
exclusively manufactured from fins of aluminum alloy sheet less than 0.2 mm thick, mounted on coolant-
carrying pipes made of either copper or aluminum alloys. Coalescence-induced droplet jumping has been
demonstrated from a nanostructured, copper oxide surface with a hydrophobic surface termination [26].
In contrast, while there have been many reports of superhydrophobic modifications of aluminum surfaces,
there is a dearth of experimentation to show whether those surfaces operate effectively under condensing
conditions at atmospheric pressure. Instead, characterization has often been limited to the measurement of
sessile, advancing and receding contact angles, as well as the sliding or roll-off angles of droplets. Such
results, while enabling rapid screening of candidate processes, do not conclusively establish suitability for
dropwise condensation.

1.3.1. Direct structuring of the metal surface

One approach to raising the roughness of a metallic surface is to create periodic micro- or nano-scale
topographies. This has been done through photolithographic and etching processes (e.g. [27]-[29]), which
offer nanometer-level precision but require smooth, flat starting surfaces and multiple process steps, in
some cases including energy-intensive plasma-based processing under vacuum. Alternatively, and more
scalably, features with dimensions as small as ~30 um have been mechanically embossed into aluminum
alloy surfaces [30], [31].

Controlled surface patterning can serve a purpose beyond increasing roughness. Microscopic grooves
aligned perpendicular to the air flow have been shown to promote the gravitational removal of condensate
and reduce ‘carryover’ of condensate into the downstream air [5]. Specific surface topographies,
including shark-skin mimics composed of arrays of aligned sub-micron grooves, have been shown to
serve an antibacterial function [32], which could further benefit evaporator coil surfaces.

One particularly desirable attribute in a superhydrophobic surface is a re-entrant pore morphology, which
helps to direct the surface tension of a suspended liquid out of the pores, increasing resilience to wetting
[33]. Lithography followed by an undercutting etch process has been used to create model re-entrant



geometries for studying liquid behavior [34], [35], but these approaches seem unlikely to be scalable.
There is no obvious way for direct embossing to produce a re-entrant structure because the stamp has to
be subsequently retracted from the deformed material. The use of woven metal meshes is one potentially
scalable way to obtain geometrically regular, re-entrant structures [36].

1.3.2. Bottom-up modification of the metal surface

The need to produce re-entrant features over large areas has therefore led to the development of surface
treatment processes in which micro- and nano-scale structures emerge, with limited spatial order, during a
chemical reaction. Here we specifically address treatments for aluminum and its alloys.

Hydrothermal treatments of many kinds have been reported, the simplest of which involves exposing a
bare aluminum surface to hot (e.g. ~70 °C) deionized water, and has been shown by He et al. [37] to
result in a randomly arranged structure, with pores < 100 nm in size. Immersion in sodium hydroxide
solution has also been used [38]-[40], with reported contact angles (CAs) after surface termination as
high as 170° and hysteresis as low as 3—5° [39].

Anodization can also be controlled to yield nanoscopic pores which increase surface roughness [41]-[46].
Anodization has been performed in sulfuric acid [43], citric acid [44], oxalic acid [42], and sodium
chloride [45] baths, resulting in differing pore morphologies. Anodization has been combined by Yin et
al. with wet etching and fluorosilane surface termination to yield a contact angle of 168° and a slide angle
of 5° [43]. Jenner et al. also used etching to turn vertical-sidewalled pores into tapered spikes, reducing
the solid fraction in contact with the droplet and yielding a sessile CA of 161° and a rolling angle, after
fluoropolymer treatment, well below 1° [44].

1.3.3. Deposition of ceramic films

Adding a film of a second material, as opposed to roughening or oxidizing the base metal, may offer
greater control of surface geometries. In particular, processes for growing zinc oxide nanostructures from
solution have been extensively developed, and ZnO offers a thermal conductivity between 35 Wm 'K
[47] and 100 Wm 'K ™' [48], which is slightly superior to that of alumina, albeit 4-10 times lower than
metallic aluminum.

ZnO with a high roughness suitable for liquid-repellent surfaces has been produced in the form of
nanowires [49], nanoparticles [50], and porous films, often via immersion of a target substrate into, for
example, a solution of zinc acetate dehydrate in acetone [51], an aqueous solution of zinc nitrate,
ammonium chloride, urea and ammonia [52] (for an advancing CA of up to 158°), or an aqueous solution
of zinc nitrate hexahydrate and hexamethylenetetramine [53]. Spray pyrolysis of aqueous zinc acetate has
also been employed [54], removing the need for immersion but requiring a much higher temperature and
a direct line of sight from the source of the spray to the target surface. Most of these reports do not stress
a particular need for a specific substrate material; nor do the processes require a catalyst. However, Yao,
who deposits ‘nanoflakes’ of ZnO on to aluminum [53], does argue that the aluminum substrate plays a
vital role in aligning the growth of the nanoflakes to be approximately perpendicular to the substrate
surface, and for directing flakes to form as opposed to nanowires, as would be obtained on a crystalline
silicon substrate.

Alternative potential methods of ZnO deposition, including sputtering and electrochemical techniques, are
less appealing in that they may require vacuum processing, impose special requirements on the electrical
conductance of the substrate, or produce films that are too smooth to enhance liquid repellence. Other
materials including titania [55] and zeolites [56] have also been explored for roughening surfaces at the
nanoscale.



Another very promising option is to create rare earth oxide films, which have been shown to be naturally
hydrophobic [57], removing the need for a separate surface termination step. Open questions are whether
the required source materials could be obtained at an affordable cost to be used in industrial applications
such as air conditioning, and whether suitable solution-based processes can be found to create films of
these oxides with nano-scale roughness.

Carbon nanostructures composed of nanotube (CNT) forests or crumpled graphene have been widely
explored and offer high thermal conductance [58]. The extremely low solid area fraction of a nanotube
forest means that, in a composite wetting state, contact angles can reach well above 170°. These materials
may offer low cost, although the chemical vapor deposition of CNTs or graphene requires vacuum
processing. Solution-based exfoliation and deposition of graphene or graphene oxide may be more
scalable.

1.3.4. Surface termination protocols

Because alumina, zinc oxide and most other oxides are strongly hydrophilic, almost all of the methods
surveyed above need to be combined with a hydrophobic surface termination step. While it is well known
that hydrophobic composite droplet contact modes can exist on structured surfaces with hydrophilic
chemistry (e.g. [59]), we are concerned here with dropwise condensation, for which previous reports
suggest that hydrophobic chemistry is indeed needed.

The predominant approach is to terminate the surface with a highly fluorinated molecule, such as a
fluorosilane, by exposing it to a vapor or immersing it in, e.g., a solution of the molecule in ethanol.
Molecules commonly used have included 1H,1H,2H,2H-Perfluorooctyltriethoxysilane [8], [39],
1H,1H,2H,2H-Perfluorodecyltrimethoxysilane [37], and 1H,1H,2H,2H-Perfluorooctyltrichlorosilane [4].
Non-fluorinated silanes such as trichloro(octadecyl)silane [8] and dichlorodimethylsilane [8] have also
been used. An alternative family of treatments involves immersion in an acidic solution, for example oleic
[45] or stearic acid [53], [60]. In some cases it is possible to combine the surface texturing and surface
termination steps. For example, electrochemical etching of copper in ethanolic stearic acid has been used
to produce a rough surface and simultaneously terminate the surface hydrophobically [61].

None of these hydrophobization methods can be expected to produce flawless surfaces and so the
reported performance of any given process will inevitably depend not only on the morphology of the
modified surface, but on the specifics of the termination process. In particular, the binding of fluorosilane
molecules is not guaranteed to result in a perfect self-assembled monolayer; polymerization of the
molecule and substantial thickening of surface nanostructures can occur [4]. Moreover, there is a lack of
experimental data on the longevity of these various termination methods in service, and on their resilience
to mechanical abrasion.

1.3.5. Non-specific deposition of polymer and composite films

Apart from the array of metallic and ceramic surfaces described above, there have been thousands of
reports of polymer-based superhydrophobic coatings produced, by, e.g., spray or electrospinning [62],
mechanical extrusion [63], controlled solvent evaporation [64], or phase separation [65]. Such coatings
frequently incorporate nanoparticles, e.g., of silica, to enhance roughness. While these materials have
many potential applications, very few of them are likely to lie in heat transfer. Polymers, as well as
having thermal conductivities two orders of magnitude lower than ceramics such as alumina or zinc
oxide, are typically deposited in far thicker layers than a grown oxide film: many micrometers as opposed
to a few micrometers or less. Polymeric coatings, therefore, would defeat the purpose of eliminating an
insulating water film from the heat transfer surface. Liquid-infused porous surfaces can add a similarly
problematic thermal impedance [66].



1.3.6. Multi-scale surfaces

Bottom-up nanostructure creation has been widely coupled with top-down microstructures, to yield multi-
scale surfaces which mimic the exceptional water-repellence of biological structures such as the lotus leaf
(e.g. [14], [67]). Such structures minimize solid-liquid contact area and maximize robustness against
wetting, and it has been suggested that microstructure tapering may help to expel condensing droplets
from a surface [68].

1.4. A new, high-performance coating procedure for aluminum

Here, we report an exceptionally simple, safe, and rapid technique for growing a superhydrophobic ZnO
coating directly on to aluminum, yielding higher sessile contact angles, after surface silanization, than any
others that we have seen reported. Compared to the closest comparable process in the literature for
depositing ZnO on Al [53], we report much higher water contact angle (178° ¢f. 157°) and a far lower
sliding angle (1° ¢f. 8°). Our surface demonstrates stable dropwise condensation at a supersaturation of
1.50%922 with droplets shedding from the surface in moving air at a small fraction of the capillary
length.

2. Materials and Methods

2.1. Porous zinc oxide synthesis

Porous zinc oxide coatings were synthesized by immersing aluminum scanning electron microscopy
sample-mounting pegs into equimolar aqueous solutions of zinc nitrate and hexamine [33]. Reactions
were performed with concentrations of 10 mM to 100 mM and temperatures of 70 °C to 110 °C for 90
minutes. At 110 °C a sealed container was used (reaction pressure ~1.4 bar); at lower temperatures the
reaction was at atmospheric pressure. The coated aluminum substrates were then removed from the bath,
rinsed with deionized water, and allowed to air-dry.

2.2. Silanization of surfaces

Prior to modifying the zinc oxide coated aluminum substrates with hydrophobic silanes, the substrates
were cleaned to remove reaction byproducts in an oxygen plasma (60 W, 200 mTorr, 2 min). The
substrates were then immediately placed in a vacuum desiccator with 100 pL of the perfluorosilane
(1H,1H,2H,2H-Perfluorooctyltrichlorosilane, Sigma Aldrich). The desiccator was then pumped for 20
minutes to vaporize the silane followed by letting it settle for 40 minutes before venting the chamber.
Upon removal, the substrates were rinsed with deionized water to remove unreacted perfluorosilane,
dried, and finally annealed at 120 °C for one hour on a hot plate.

2.3. Characterization

The coatings were imaged using scanning electron microscopy (SEM) at 20 kV with a secondary electron
detector and characterized for phase using X-ray diffraction (XRD, Bragg-Brentano powder
diffractometer) with Cu K-a radiation.

Contact angle measurements were performed using the sessile-drop technique with a 5.5 pL droplet of
one of six test liquids detailed in the results below. Droplets were imaged from the side with a 4X
objective (Olympus Plan Achromat), a 30 mm focal-length achromatic doublet (Thorlabs, Newton, NJ),
and a CMOS image sensor (Thorlabs DCC1645C) [33]. Contact angle hysteresis was determined by
mounting the samples on a stage that was manually tilted at a rate of 0.25 °s™' while imaging a static
droplet. The advancing and receding contact angles were measured from the final video frame captured
before droplet motion began. Hysteresis is simply defined as the difference between advancing and
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receding angles. Sessile-drop contact angles were estimated by fitting the Young—Laplace equation to the
image data (LBADSA) [69] and droplets on the verge of moving were analyzed with B-spline active
contours (Dropsnake) [70]. Sessile-drop contact angles were extracted for ten separate droplets per
sample; hysteresis was measured for five droplets per sample.

Measurements of droplet-shedding performance under condensing conditions were collected using a
custom-built wind tunnel with a cold plate for sample-mounting. Details of the apparatus are given in the
Supplementary Information (SI). For these measurements, the substrates were cooled to 15+0.5 °C and
exposed to an air flow at 40+£0.5 °C, 35+2 % relative humidity, and a velocity of 10£0.25ms . Video
images of the condensation and droplet-shedding process were recorded over periods exceeding 10
minutes, using a stereomicroscope (Amscope, SM zoom trinocular) with a long-working-distance 4.5X
objective connected to a CMOS image sensor (Thorlabs DCC1645C).

3. Results and Discussion

3.1. Coating morphologies

Figure 1 shows scanning electron micrographs of the porous zinc oxide surfaces for a range of reactant
concentrations and bath temperatures. As reactant concentration increases for a given bath temperature,
the pore size appears to decrease. Pore sizes range from below 100 nm to larger than 3 pm while the film
thickness, as measured by SEM cross-sectioning, varies from 500 nm to 3 pm across the array of reaction
conditions. X-ray diffraction analysis (see SI) indicates the formation of wurtzite zinc oxide using this
synthesis technique. This ZnO phase has a high thermal conductivity ranging from 100 Wm 'K " for
single crystalline conduction pathways [48] down to 35 Wm 'K "' for nanograined materials [47] at room
temperature. Given a 1 pm-thick smooth ZnO film grown directly on standard 125 pm-thick aluminum
fin stock, the thermal resistance increase upon application is less than 4% relative to the bare fin stock.
For comparison, a film of water 120 pm thick [71] would increase the thermal resistance of a bare
aluminum fin 100-fold. Meanwhile, a 1 pm-thick polymer coating would increase the thermal resistance
of a fin 10-fold. The ZnO coating can therefore greatly improve overall thermal conductance relative to
conventional, filmwise condensation and without having the detrimental effects on performance of a
polymer film.

3.2. Sessile water droplet contact angles and hysteresis

Observations of the sessile-drop water contact angle (Figure 2a) and contact angle hysteresis (Figure 2b)
show that contact angle is at its highest (177°) and hysteresis is simultaneously at its lowest (3°) for a
reaction temperature of 110 °C and reactant concentrations of 75 mM after a 90-minute growth time.
Surfaces produced at 110 °C with reactant concentrations lower than 75 mM have larger pores, as
observed in the SEM images, while at 100 mM the reaction appears to have progressed to such an extent
that some of the pores have closed in upon themselves. Similar trends are seen for growth temperatures of
70 °C and 90 °C, with sessile contact angle peaking and hysteresis simultaneously showing a minimum at
growth conditions of 70 °C/50 mM and 90 °C/75 mM.

Even though there is a non-monotonic relationship between reactant concentrations and the measured
variables of sessile-drop contact angle and hysteresis, Figure 2c indicates a clear negative linear
correlation between sessile-drop contact angle and hysteresis that applies across all reaction conditions.
The correlation implies that for every 1° gained in sessile-drop contact angle, hysteresis reduces by 1.18°
on average, and extrapolates towards negligible hysteresis at a hypothetical contact angle of 180°.

This negative correlation between hysteresis and contact angle implies that all samples, when measured
using the sessile-drop technique, remain approximately in a Cassie—Baxter state — the condition in which
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the droplet sits on top of the structures with air pockets retained inside surface recesses. Under these
conditions, a higher apparent contact angle reduces both the liquid—solid contact area and the length of
features’ perimeters in contact with liquid. A positive correlation between hysteresis and contact angle in
Figure 2¢c would have implied that droplets were completely filling the pores and therefore in a Wenzel
state [72]. We compare our observed values with the model of McHale [72] linking hysteresis to sessile-
drop contact angle for the Cassie—Baxter mode (see SI), and find that our observed hysteresis values are
around 2.5 times higher than McHale’s model predicts. This difference could arise from the filling of a
small fraction of pores beneath the droplet, giving a hysteresis higher than would be expected in a purely
CB state.
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Figure 1. Scanning electron micrograph of a coated aluminum surface indicating that the surface properties
are tunable by varying the concentration and temperature of the reaction bath. Each frame in the figure is
6.5 um in width. Pore diameter across this array of reaction conditions ranges from below 100 nm to above 3
pm. Processing time was 90 minutes.
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error of the mean. In the case of sessile droplet contact angles, sample size is ten separate droplets per specimen; for
hysteresis, sample size is five droplets per specimen.



3.3. Modeling of pore geometry distributions

To characterize the surfaces further, we have applied our previously reported method for modeling
heterogeneous porous surfaces [33]. Briefly, our modeling approach accounts for heterogeneity of pore
shapes (e.g. Figure 3a—d) by modeling the surface as an array of pores with re-entrant angles ¥ that
follow an approximately Gaussian distribution with mean ¥, and standard deviation o,. Pores with

¥ < 0, will remain empty (Figure 3e) while those with ¥ > 6, will fill (Figure 3g). Thus, for any
particular liquid, a fraction 0 < ¢y < 1 of the pores within the liquid-covered area will be filled. Pores
are modeled as having an internal surface roughness of 7, and a fraction ¢ of the projected area of the
surface is considered to be outside of the pores and always in contact with the liquid. From these
assumptions follow a generalized Cassie—Baxter model:

cos 8 = ¢r cos Oy + (1 — Ppr) [y 7 cos 6y — (1 — ¢y)] )

By measuring the apparent contact angles 8* of multiple liquids on a given porous surface, and the
contact angle 6, on a smooth surface with equivalent chemistry, the four fitting parameters of ¥, gy,
¢ and r can be extracted, with ¢¢ following from ¥, g, and 6 via the assumed Gaussian distribution.

We use this modeling approach to characterize zinc oxide surfaces produced with three particular sets of
process conditions. Process and extracted model parameters are shown in Table 1, and the fitted models
are illustrated together with the measured data on a plot of cos 8* against cos 8 in Figure 4a. Surfaces
were probed with a variety of test liquids with surface tensions ranging from 22.7 mNm ' (methanol) to
72.8 mNm ' (water). Of the three surfaces characterized, Process A (25 mM, 70 °C) yields the most
liquid-repellent behavior overall, giving a contact angle well in excess of 90° for dipropylene glycol,
whose surface tension is less than half that of water. As expected, the extracted average re-entrant angle
of Wy = 51.0° is the most strongly re-entrant of the three surfaces.

Table 1. Mean re-entrant angle (¥,), reentrant angle standard deviation (o), surface roughness (r), and
solid fraction of the nanostructures’ tips (¢7) fit for three samples included in this study. E* is computed
using Equation 1.

ZnO growth conditions Y oy r or E* (water)
Process A 25mM, 70 °C 51.0°  25.0° 350  0.0051 0.138
Process B 50 mM, 110 °C 57.1°  29.6° 359  0.0066 0.135
Process C 100 mM, 70 °C 76.2°  66.6° 3.67  0.1080 0.132

Figure 4b is a plot of the sessile drop contact angle versus reaction conditions for one particular probe
liquid: 700 g/mol poly(ethylene glycol) diacrylate (PEGDA-700). This plot shows lower contact angles
and different optimal processing conditions compared to water on the same surfaces (Figure 2a) because
PEGDA-700 has a lower surface tension than water and penetrates more extensively into the pores.
Figure 4b indicates that the sample synthesized at 70 °C and 25 mM offers the highest sessile contact
angle for PEGDA-700.
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Figure 3. Scanning electron micrographs of the porous zinc oxide films showing the pore depth profile and re-
entrant surface geometries (a) & (b) from a sky view of the surface, (c) 45° to the surface, and (d) 75° from
the vertical. The pores do not go straight down to the aluminum surface. Instead, they wind through the
coatings at varying angles. Process conditions were (a) 25 mM, 90 °C, (b)—(d) 25 mM, 70 °C. In an idealization of
the geometry of a single pore, a re-entrant structure can support a composite interface if (e) 0o > ¥. The net
force acting on the droplet will become zero at (f) 0 =¥ and be into the pore when (g) 6, <P, resulting in a
break-down of the composite interface and complete wetting.
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Figure 4. (a) Plot of the cosine of the contact angle on a smooth surface (8,) versus the cosine of the apparent
contact angle on the porous ZnO surface (6*) for various test liquids. This shows that the optimal surface can
remain in Cassie—Baxter wetting mode with a wide range of materials such as water (y = 72.8 mN/m) [73],
glycerol (y = 64 mN/m) [73], thiodiglycol (54 mN/m) [73], PEGDA-700 (y = 42.3 mN/m) [74], dipropylene
glycol (33.9 mN/m) [73], and methanol (y = 22.7 mN/m) [73]. The dotted lines show the model fit to determine
the surface properties. (b) Sessile drop contact angle for PEGDA-700 (y = 42.3 mN/m) [74] versus reaction
conditions (90-minute reaction time). Note that the 10 mM, 110 °C case gives a very low contact angle which
is out of the range of the scale (see SI for numerical data). The dotted lines are to guide the eye. Error bars for
both figures are one standard error of the mean based on five separate droplet measurements per specimen.

In several cases, error bars are smaller than symbols used.

3.4. Water droplet roll-off angles

The substrate tilting angle at which a sessile droplet begins to roll or slide across a surface (the ‘roll-off’
angle) may provide an indication of the ability of a surface to shed condensate. The roll-off angle is
correlated with the contact angle hysteresis because, in order to move, the droplet’s shape is deformed
until the advancing contact angle is reached on one side of the droplet and the receding angle on the other.
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Tilting the substrate exerts a gravitational force to provide this deformation. We have characterized the
roll-off angle of the surface grown with Process B (110 °C and 50 mM) by capturing a video of'a 5.5 puL.
droplet beginning to roll across the surface. A roll-off angle of 1° was recorded and a sequence of frames
is shown in Figure 5. Since we could not distinguish visually between rolling and sliding, we use the term
‘roll-off angle’ to encompass both possibilities.

Figure 5. Time-lapse image of a droplet rolling or sliding off the porous zinc oxide structure surface
synthesized with Process B (110 °C and 50 mM). This sample has an average water contact angle, hysteresis,
and slide angle of 175°, 5°, and 1° respectively.

We can interpret roll-off angle using the following expression proposed by Lv for the lateral adhesive
force F,4 between the droplet and the solid surface [75]:

Faqa = 2Ry(1 + cos 0y)/ b1 = pVgsina, 3)

where R is the mean radius of the contact line, y is the surface tension of water, 6, is the contact angle on
a smooth surface, ¢ is the wetting solid fraction, p is the density of water, ' is the volume of the droplet,
g is the acceleration due to gravity, and a is the roll-off angle.
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Taking ¢ = 0.0066 from our model calibration above and computing R = 110 pm based on an apparent
contact angle of 174.4° and V= 5.5 uL (see SI for details) leads to a predicted adhesion force of 920 nN
and hence a roll-off angle of 0.98°, agreeing with the roll-off angle of 1° independently observed with the
goniometer.

As an additional check, the droplet’s acceleration is calculated by extracting droplet positions at a number
of time-points from the video. If we assume that once droplet motion has begun any adhesive or frictional
forces are absent from the droplet—surface interface, it follows that acceleration, a = g sin a. Under this
assumption a slide angle of 1.2° is obtained. The close correspondence between this value and the direct
goniometer reading provides further support for the view that a negligible number of pores are filled with
water, enabling liquid—solid interactions to be extremely weak once motion begins.

3.5. Performance under condensing conditions

Measurements of droplet formation and shedding under condensing conditions show very different
behavior from that of droplets introduced to the surface from above. Figures 6a and 6b are scanning
electron micrographs of aluminum surfaces coated at 25 mM and 70 °C (Process A in Table 1), and at
75 mM and 110 °C, respectively. The inset photographs show 5.5 pL. water droplets with sessile contact
angles of 174° and 178° on the respective surfaces. Although the 75 mM/110 °C surface offers the highest
sessile water contact angle and lowest hysteresis of all process conditions explored (Figure 2a-b), this
surface does not perform optimally when exposed to air with supersaturation S = 1.50%5:32 (see SI for
calculation of S). After ten minutes at these conditions, large droplets with contact angles << 178° have
formed and pinned to the surface. In contrast, the surface made by Process A (25 mM/70 °C) shows far
better condensing performance, with condensate maintaining a higher contact angle (albeit still less than
178°) and shedding from the surface into the air flow at droplet diameters well below 1 mm. We do not
observe coalescence-induced droplet jumping but we do see a sustained droplet-shedding process under
the action of the 10 ms " air flow, and at a much higher supersaturation than the 1.12 flooding threshold
reported by Mijkovic [4].

One plausible explanation for Process A’s superior condensing performance yet non-optimal sessile
droplet water contact angle is that the different processes yield pore sidewall profiles that vary with depth
in different ways. Condensing droplets nucleate throughout the pores and then, for dropwise shedding,
need to be expelled from the pores, whereas sessile water droplets only encounter the tips of most pores,
penetrating only the few pores that occupy the least re-entrant tail of the sidewall angle distribution. It is
possible therefore that Process A (Figure 6a) produces less strongly re-entrant pore tips than the 75
mM/110 °C process (Figure 6b), but, on average, more re-entrant profiles beneath the tips. If this is
indeed the case, it would explain why surfaces made with Process A would be the more effective at
expelling condensate.

This explanation is consistent with the finding from Figure 4a that Process A delivers higher sessile
contact angles for a range of liquids than surfaces produced at higher reactant concentration (Process C)
or higher temperature (Process B). Sessile droplet characterization with a range of liquids, including
lower-surface-tension liquids that penetrate and probe a larger fraction of the surface’s pores, are
expected to yield more information about the structure deep inside the pores and therefore to offer a better
indication of how well a surface will shed condensing droplets than characterizing it only with water.

It is interesting to note that the value of £*, as defined in Equation 1, is well below 1 for processes A—C
(Table 1). Calculation of £* is based here on an assumption of 8, = 119° as reported by Wang [76].
Although we did not extract a value for » for the 75 mM/110 °C surface in Figure 6b and 6d, and so
cannot directly estimate £* for this surface, it is reasonable to suppose that its £* will be very close to
that of processes A—C, for which E* lies in the tight range of 0.13—0.14. Enright’s model suggests that
partial wetting occurs for £* < 1, and yet we observe flooding of the 75 mM/110 °C surface, implying the
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Wenzel mode. Thus, richer surface characterization of the kinds we demonstrate above may well be
needed to predict whether dropwise condensation will be successful.

Figure 6. Scanning electron micrographs of aluminum surfaces coated at (a) 25 mM and 70 °C and (b) 75 mM
and 110 °C. The insets are photographs of 5.5 pL droplets (diameter = 2.1 mm) with contact angles of (a) 174°
and (b) 178°. Images of the samples after 10 minutes in air at a water supersaturation of 1.50722 and an air
velocity of 10+£0.25 m/s for the same samples synthesized at (¢) 70 °C and (d) 110 °C indicate significantly
different properties. The surface at 70 °C maintains dropwise condensation and shedding while the surface

synthesized at 110 °C floods.

4. Concluding remarks

e 7ZnO has been hydrothermally synthesized on aluminum and covalently terminated with a fluorosilane
molecule to produce a surface that exhibits sustained dropwise condensation of water from air at
supersaturations of at least ~1.5.

e Droplets detach from the produced surfaces at diameters less than 1 mm in a flowing air stream with
an average velocity of 10 ms™'. There thus appears to be considerable scope to use the ZnO coating to
enhance heat transfer and maintain dry surfaces on the air-side of cooling coils.

e The key to the droplet-shedding superhydrophobicity appears to lie in the creation of sub-micrometer,
re-entrant pore geometries. The more strongly re-entrant the pores are on average, the more
comprehensively repellent a surface tends to be to liquids with a range of surface tensions.

e The maximum sessile water contact angle (178°), minimum hysteresis (3°) and minimum roll-off
angle (1°) that we have achieved with growth conditions of 75 mM, 110 °C and 90 min are superior to
all other reports we have seen for aluminum superhydrophobic modification.

e Meanwhile, a set of optimal processing conditions for promoting dropwise condensation at
atmospheric pressure appears to be 25 mM, 70 °C and 90 min. Unexpectedly, these conditions are
different from those that give the maximal sessile water contact angle and minimal hysteresis. We
attribute this contrast to a difference between the sidewall re-entrant characteristics at the tips of the
pores and the characteristics deeper inside the pores.
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Because this new material is grown by simple immersion in an aqueous bath at atmospheric pressure,
we anticipate that it will be quite feasible to combine this process with prior patterning of the target
surface at length-scales larger than the synthesized pores — for example by mechanically embossing
microstructures into an aluminum surface. Such an approach may enable even higher performance at
low cost by mimicking natural multi-scale structures.

The identification of process parameters that yield reliably dropwise-condensing surfaces, as reported
here, is an important step towards being able to engineer more effective air-side heat transfer. Full
characterization of these surfaces will of course require measurements of their condensation heat
transfer coefficients. These measurements are the subject of ongoing work to be reported in a future
publication.
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S1. Specifications of condensation experimental apparatus

We constructed a closed-loop wind tunnel to provide air with controlled temperature and relative
humidity representative of tropical climates. Briefly, the majority of the loop, including the bends, is
constructed from 150 mm-diameter galvanized steel ducting, insulated by a layer of fiberglass (Owens
Corning) with an R value [1] of 6. The sample observation section has a 100 mm-square cross-section and
is constructed from timber and ABS, with a transparent 3 mm-thick acrylic window for video imaging of
the condensation process. Experimental samples are mounted with thermal grease into a machined
aluminum alloy holder that is chilled with water from a VWR 1175 recirculating chiller. Air temperature
is raised by a Neptronic 2 kW electric duct heater. Air is driven by a Delta Electronics THB1548 AG fan
with a 530 ft'/min capacity. Humidity is raised by a Copper Head cold mist fogger that is manually
controlled and injects water droplets downstream of the heater. Sensiron SHT15 humidity and
temperature sensor modules (Adafruit Technologies) are positioned approximately 100 mm upstream and
downstream of the experimental samples to determine the air conditions; air conditions reported in this
paper were recorded from the upstream sensor module. Air velocity is sensed with a Fluke 922
anemometer placed in the observation section. The surface temperature of the sample is sensed with an
Omega 3105 DIN Class “A” PT100 resistance temperature detector (RTD) surface-mount three-wire
element. The fan and heater are controlled and data from the sensors are logged using a pair of Arduino
Uno microcontroller boards that interface to Matlab and Simulink on a desktop computer.

S2. Computation of supersaturation at sample surface

The condensation test apparatus is instrumented to record the average dry bulb temperature, 7,;, of the
flowing air and its relative humidity (RH), S,;;. From T3;; we estimate the saturation vapor pressure
Pys(Tair) of water in the air, where [2]:

4060
P (T) = (1000 Pa) x el'67 ~7=37) (S.1)

and 7 is defined in Kelvin. By definition, the water vapor pressure in the air, Py, (Tyjy), is:



By (Tair) =

Pws (Tair)Sair-

(S.2)

We assume that the water vapor pressure on the air side of the chilled surface is equal to that in the bulk
of the air, B, (T,j.), because the samples are small (diameter 10 mm) compared with the size of the air
duct (diameter ~100 mm) and are not expected to perturb the amount of water vapor in the air
substantially. Therefore, we use Equation S.1 to re-evaluate the saturation vapor pressure for air at the
temperature of the chilled sample surface, Ty, and obtain the supersaturation, S, of water vapor at the

chilled surface:

S= Pw (Tair)/Pws (Tsurf)

Taking the air temperature to be 40 + 0.5 °C, the chilled surface temperature to be 15 + 0.5 °C, and the
air’s relative humidity to be 35 + 2%, we obtain S = 1.503-22. The upper bound of the estimated
supersaturation comes from assuming an air temperature of 40.5 °C, an air RH of 37%, and a chilled
surface temperature of 14.5 °C. The lower bound of S comes from assuming an air temperature of 39.5 °C,
an air RH of 33%, and a chilled surface temperature of 15.5 °C.

S3. Complete contact angle and hysteresis results

(S.3)

Table S1. Measured water contact angles and hysteresis values, in degrees. Sessile droplet contact angle results are based
on ten separate measurements per sample; advancing, receding and hysteresis values are based on five measurements per

sample.

Process conditions

Sessile droplet

Advancing

Receding

Contact angle

contact angle contact angle contact angle hysteresis
Processing Zinc nitrate
temperature | concentration | Mean |[Std.err.| Mean |Std.err.| Mean |Std.err.| Mean |Std.err.
(°C) (mM)
10 161.1 1.0 169.9 1.0 151.3 1.4 18.6 2.2
25 173.2 0.5 176.3 0.7 168.6 1.6 7.7 1.2
70 50 173.7 0.3 175.7 0.7 168.5 1.4 7.2 1.2
75 169.2 0.8 174.5 0.6 161.7 1.9 12.8 2.0
100 156.8 0.9 171.9 1.2 142.0 1.9 29.9 1.1
10 170.5 0.8 175.1 0.3 164.2 1.6 10.9 1.2
25 173.0 0.7 176.5 0.7 170.5 0.9 6.1 0.6
90 50 174.0 0.6 175.9 0.4 168.1 0.6 7.8 0.4
75 176.6 0.6 176.5 0.9 170.5 0.6 6.0 0.8
100 174.5 0.7 175.9 0.6 167.6 0.8 8.3 0.8
10 161.7 1.0 169.0 0.3 149.0 1.8 20.0 1.8
25 173.9 0.6 176.6 0.3 168.8 1.0 7.8 1.2
110 50 174.5 0.6 175.1 0.6 170.0 0.8 5.1 0.5
75 177.6 0.3 176.7 0.5 174.0 0.5 2.7 0.7
100 166.7 1.1 171.1 2.2 147.9 1.1 232 1.5




Table S2. Measured contact angles, in degrees, for PEGDA 700 Da. Mean and standard error of the mean are based on
five separate droplet measurements per sample.

Process conditions S;SI:?:C? 12“(])1];11?
temperatare (C) | concentration (my | Mean | Std-err
10 145.7 2.5
25 151.5 1.5
20 50 124.2 0.3
75 112.9 1.6
100 109.6 0.6
10 141.3 0.5
25 139.8 0.4
90 50 140.0 0.8
75 133.3 0.6
100 130.8 0.4
10 49.0 5.8
25 144.8 1.2
1o 50 138.4 1.0
75 135.8 1.7
100 128.4 1.3

Table S3. Measured sessile droplet contact angles, in degrees, of water on a flat silanized surface and on three surfaces
produced under specific conditions. Mean and standard error of the mean are based on five separate droplet
measurements per sample. TDG = thidiglycol; PEGDA = polyethylene glycol diacrylate with molar mass of 700 g; DPG =
dipropylene glycol. The surface made using Process C was completely wet by methanol, with no contact angle measurable.

Probe liquid [surface tension, mN/m]
Surface Water Glycerol TDG PEGDA DPG Methanol
[72.8] [64.0] [54.0] [42.3] [33.9] [22.7]

Flat silicon Mean 105.3 102.9 96.6 83.5 70.2 532
wafer Std. Err. 0.2 1.6 0.5 0.7 1.0 1.0
Process A Mean 173.8 169.6 162.7 151.5 123.7 62.3
25mM, 70°C | g¢d. Err. 0.8 0.5 0.6 15 0.8 1.7
Process B Mean 174.4 167.3 159.4 138.4 105.4 42.0
S0mM, 110°C | g4, Err. 0.4 0.4 0.4 1.0 1.7 3.1
Process C Mean 157.0 148.2 133.0 109.6 Not Completely
100 mM, 70 °C Std. Err. 15 1.1 1.8 0.6| measured | wetsurface
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Figure S1. Advancing and receding water contact angles against sessile drop contact angle. Error bars show * one
standard error of the mean, based on five measurements for advancing and receding contact angles and ten
measurements for sessile droplet contact angle. The dashed line indicates values for which sessile droplet contact angle
would equal the advancing/receding contact angle. For a given surface formation process, the difference between the
advancing and sessile droplet contact angles tends to be smaller than that between the sessile droplet and receding angles.

S4. Comparison of hysteresis results with the model of McHale et al. [3]

McHale proposes a model for predicting the hysteresis of a rough surface, AH;N /B given the hysteresis of

a flat surface with the same chemistry, AG"™. The model considers both the Wenzel wetting mode, in
which the predicted hysteresis increases with roughness, and the Cassie-Baxter composite mode, in which
the predicted hysteresis decreases as the solid fraction of the interface reduces, while apparent sessile
contact angle increases. Since our results indicate that the hysteresis of our ZnO-based coating decreases
with increasing apparent contact angle, we consider the correspondence between our results and
McHale’s model for Cassie-Baxter interfaces.

McHale supposes that for the contact line to begin moving, a minimum change in surface free energy,

AF i, must be imparted to a droplet. Considering a flat surface with a particular apparent sessile contact
angle, 0, the required change in surface free energy is assumed to be related to the change in contact
angle by:

min _ 6_F -1
A0 —(ae)e=90AFmin. (S.4)

For a Cassie-Baxter interface, the required change in apparent contact angle is assumed to be reduced by
the gain factor, G (¢, 8), which is the sensitivity of the Cassie-Baxter contact angle, 8, to changes in
the contact angle on a flat surface:



. aF\ 1 i
86" > G(#r,00) (35),_, AFmin = G($r,6)A0F™ (8:3)
—Jvo

where G (¢, 8,) is found via differentiation of the Cassie-Baxter relationship:

do* ¢7sin B
d

G(¢1,00) = d6, = J1-[-1+¢r(cos G+ 1D)]2

(S.6)

In Figure 2c we show the predictions of McHale’s model as a dashed line. For each value of observed
sessile contact angle, we estimate ¢ using the relationship from our earlier work on the modeling of
porous surfaces [4]:

cos0*+1

~— S.7
cosfy+1 .7

T

The value of 6, is taken as 105°, based on our measurements on a silanized silicon surface, and A"
(hysteresis on a flat surface) is taken to be 20°, based on the report of Wang [5]. We then find McHale’s
prediction of the minimum hysteresis for each apparent sessile contact angle using equations S.5 and S.6.
The hysteresis is the difference between advancing and receding contact angles and thus is assumed to
equal 2A0%, since AB* is the minimum change of apparent contact angle needed to move from a sessile
state into a state of either advancing or receding motion.

Our experimental results indicate hysteresis values that are around 2.5 times higher than the lower bound
predicted by McHale’s model. This substantial difference may indicate that the pores of the surfaces are
not all free of water; even a few filled pores could increase the resistance to motion of a droplet.
Moreover, the top surface of the material, represented by the solid area fraction ¢, is not perfectly flat
and this surface roughness may add to the resistance to droplet motion. Alternatively, the discrepancy
could indicate that our A" is substantially greater than that measured by Wang.

S5. Calculation of contact line radius

As in Lv [6], the relationship between apparent contact angle 8* and contact line radius R is:

(M

3V

R = ing* (5.8)
(2 — 3 cos0* + cos3 6*) st

where V' is the volume of the droplet.



S6. X-ray diffraction characterization of zinc oxide film
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Figure S2. XRD spectrograph of the porous zinc oxide film grown on an aluminum substrate at 25 mM reactant
concentrations and 70 °C (Process A). The zinc oxide peaks along with those of the aluminum substrate are indexed and
labeled. The * represent peaks that can be attributed to zinc hydroxy nitrates. These zinc hydroxy nitrates are likely to
represent residual, incompletely reacted materials on the sample surface. The angle @ is that between the plane of the
sample and the incident beam.
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